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INTRODUCTION 


Despite  significant  advances  in  diagnostic  techniques  and  the  discovery  of  new  molecularly 
targeted  therapies,  lung  cancer  (specifically,  non-small  cell  lung  cancer;  NSCLC)  is  a  leading 
cause  of  cancer-related  deaths  in  the  United  States.  Poor  response  rates  and  survival  with 
current  treatments  clearly  indicate  the  urgent  need  to  develop  an  effective  means  to  treat 
NSCLC.  Magnetic  hyperthermia  (MH)  is  a  novel  non-invasive  approach  for  ablation  of  lung 
tumors,  and  is  based  on  heat  generation  by  magnetic  materials,  such  as  superparamagnetic 
iron  oxide  (SPIO)  nanoparticles,  when  subjected  to  an  alternating  magnetic  field  (AMF). 
However,  inadequate  delivery  of  magnetic  nanoparticles  to  tumor  cells  can  result  in  sub-lethal 
temperature  change  and  induce  resistance.  Additionally,  non-targeted  delivery  of  these  particles 
to  the  healthy  tissues  can  result  in  toxicity.  To  overcome  these  problems,  we  propose  to  use 
aerosol-based,  tumor-targeted  SPIO  nanoparticles  to  induce  highly  selective  tumor  cell  kill. 
Tumor  cell  specificity  will  be  achieved  by  targeting  SPIO  nanoparticles  (NP)  to  the  epidermal 
growth  factor  receptor  (EGFR),  whose  overexpression  has  been  observed  in  as  many  as  70% 
of  NSCLC  patients. 

Hypothesis:  Inhalable  SPIO  nanoparticles  surface-functionalized  with  EGFR  targeting 
ligand,  when  exposed  to  an  appropriate  magnetic  field,  will  enable  highly  efficient  and  specific 
tumor  cell  death  by  hyperthermia. 

Specific  Aims:  The  specific  aims  of  this  research  are:  (1)  to  fabricate  aerosol 
formulation  of  EGFR-targeted  SPIO  nanoparticles,  (2)  to  characterize  in  vivo  tumor  specificity  of 
inhaled  EGFR-targeted  SPIO  nanoparticles,  and  (3)  to  determine  the  in  vivo  anticancer  efficacy 
of  inhaled  EGFR-targeted  SPIO  nanoparticles. 


BODY 

Summary  of  tasks  completed  in  years  one  and  two 

Water  dispersible  SPIO  nanoparticles  were  synthesized  by  chemical  precipitation  of  iron 
chlorides  by  a  strong  base  and  coated  with  myristic  acid  and  Pluronic®  to  prevent  oxidation  of 
iron  oxide  and  to  impart  aqueous  dispersibility.  They  were  characterized  for  size  (transmission 
electron  microscopy,  dynamic  light  scattering),  composition  (iron  assay,  infrared  spectroscopy), 
magnetic  properties  (vibrating  sample  magnetometry)  and  heating  rates.  The  effect  of  MH  on 
overall  tumor  cell  kill  was  determined  in  A549  cells  (NSCLCs)  based  on  the  amount  of  lactate 
dehydrogenase  released  by  the  dead  cells  in  the  medium  and  the  7-aminoactinomycin  D 
positive  fraction  determined  using  flow  cytometry.  Mode  of  cell  death  was  determined  using  the 
annexin-FITC  (stains  apoptotic  cells)  and  propidium  iodide  (stains  necrotic  and  advanced 
apoptotic  cells)  staining  followed  by  flow  cytometric  analysis.  Targeted  and  non-targeted  SPIO 
nanoparticles  were  synthesized  and  characterized.  Preliminary  studies  demonstrated  the 
effectiveness  of  EGFR  targeting  in  the  enhancing  the  tumor  cell  uptake  of  the  SPIO 
nanoparticles. 
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These  preliminary  studies  were  further  confirmed  in  Year  2  of  the  project.  Our  studies 
showed  that  cellular  uptake  of  the  EGFR  targeted  SPIO  NP  were  4.5-fold  higher  than  the 
corresponding  controls.  The  conjugation  of  scrambled  peptide  did  not  result  in  enhancement  of 
particle  uptake  into  cells,  and  the  presence  of  excess  targeting  ligand  decreased  the  cell  uptake 
of  EGFR  targeted  SPIO  NP,  showing  the  specific  role  of  EGFR  in  tumor  cell  uptake  of  targeted 
nanoparticles.  In  addition,  EGFR  targeting  lead  to  enhanced  cell  death  following  exposure  to 
magnetic  field,  indicating  the  potential  for  higher  therapeutic  efficacy.  Distribution  and  clearance 
of  targeted  and  non-targeted  SPIO  NP  were  studied  following  two  different  routes  of  lung 
delivery  -  tracheal  instillation(l)  and  aerosol(2)  in  an  orthotopic  A549  lung  tumor  model.  While 
both  the  routes  of  administration  showed  a  significant  increase  in  lung  concentration  of  the 
particles  with  EGFR  targeting,  the  absolute  amount  of  SPIO  particles  after  instillation  was  4.5  to 
5-fold  higher  than  that  after  inhalation.  However,  aerosol  delivery  is  a  more  acceptable  route  of 
administration  in  humans  than  instillation.  Additionally,  inhalation  resulted  in  an  even  distribution 
of  the  SPIO  through  the  lungs  at  the  time  of  administration  compared  to  instillation  where  the 
major  amount  of  the  instilled  dose  resided  near  the  major  airways  with  almost  no  particles 
reaching  the  periphery  of  the  lungs. 


Year  3  Progress 

In  Years  1  and  2  we  completed  the  most  of  the  tasks  proposed  in  Aims  1  and  2.  We  have  made 
significant  progress  in  completing  the  remaining  proposed  studies.  The  results  of  these  studies 
are  presented  below. 

Specific  Aim  #3:  Determine  the  in  vivo  anticancer  efficacy  of  inhaled  EGFR-targeted  SPIO 
nanoparticles 

Task  1:  Determine  maximal  tolerated  dose  of  targeted  SPIO  nanoparticles 

In  the  previous  progress  report,  we  discussed  the  difficulty  in  increasing  the  dose  of 
SPIO  NP  into  mice  lungs.  Hence  the  dose  administered  during  the  distribution  study  was  the 
maximum  dose  that  will  be  administered  to  the  animals.  One  week  after  inhalation  or  instillation 
of  the  particles,  the  mice  appeared  healthy  and  did  not  show  any  abnormality  in  their  behavior. 
The  animals  exhibited  no  obvious  signs  of  distress  (hunched  posture,  ruffled  fur,  difficulty  in 
breathing)  over  the  period  of  one  week.  Additionally  the  concentration  of  particles  in  the  body 
after  7  days  of  inhalation  or  instillation  was  rather  low,  except  for  the  tumor  bearing  lungs.  The 
iron  concentrations  were  sub-lethal  and  seemed  to  decrease  over  time.  Thus  no  severe  toxicity 
is  expected  from  the  dose  of  SPIO  NP  administered  to  the  animals  via  either  of  the  two  routes  of 
administration. 


Task  2:  In  vivo  efficacy  of  targeted  magnetic  hyperthermia  after  inhalation  delivery  of 
SPIO  nanoparticles 

Fox  Chase  SCID®  Beige  mice  were  injected  A549-luc  cells  intravenously  to  facilitate  the 
development  of  tumors  in  the  lungs.  Once  the  lung  bioluminescence  reached  about  0.5  X  106 
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photons/sec,  animals  were  administered  SPIO  nanoparticles  by  inhalation.  After  7  days,  some 
of  the  treated  animals  were  subjected  to  30  minutes  of  magnetic  hyperthermia.  Untreated 
animals  and  animals  receiving  the  particles  without  exposure  to  AMF  served  as  controls.  Lung 
bioluminescence  was  monitored  three  times  weekly  for  4  weeks.  At  the  end  of  the  study, 
animals  were  euthanized,  and  the  lungs  and  trachea  were  removed  and  weighed.  Assuming 
little  variability  between  the  lung  weights  of  individual  mice,  the  differences  in  lung  weights  were 
attributed  to  the  variable  mass  of  lung  tumors. 

Magnetic  hyperthermia  using  non-targeted  SPIO  particles  resulted  in  an  insignificant 
decrease  in  lung  tumor  bioluminescence  (p  >  0.05)  relative  to  that  in  animals  that  received  the 
same  particles  but  were  not  exposed  to  AMF.  Targeted  SPIO  nanoparticles  mediated 
hyperthermia  showed  significantly  lower  lung  tumor  bioluminescence  (p  <  0.05)  (Fig.  la).  The 
lung  weights  at  the  end  of  the  study  agreed  with  the  bioluminescence  data;  magnetic 
hyperthermia  with  targeted  particles  resulted  in  a  significantly  lower  final  lung  weight  compared 
to  the  other  groups  (Fig  1b). 

These  in  vivo  results  thus  confirm  that  EGFR  targeting  enhances  the  tumor 
concentration  of  SPIO  nanoparticles,  which  translated  into  more  effective  tumor  cell  kill.  In 
addition,  the  treated  mice  showed  no  signs  of  distress  over  the  duration  of  the  study  (30  days 
after  magnetic  hyperthermia  treatment),  suggesting  that  this  procedure  does  not  result  in  acute 
systemic  toxicity  or  damage  to  healthy  lung  tissue.  Additionally,  the  dose  of  particles  that  could 
be  delivered  to  the  tumor  by  inhalation  was  limited  by  the  small  lung  volume  and  the  obligate 
nose-breathing  of  mice  (3).  A  similar  approach  can  be  expected  to  be  more  effective  in  humans, 
because  a  higher  deposition  can  be  achieved  with  inhalation  through  the  oral  cavity  and  control 
of  the  respiration. 
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Figure  1.  Effect  of  targeted  magnetic  hyperthermia  on  lung  tumor  growth.  Orthotopic  lung 
tumor  bearing  mice  were  allowed  to  inhale  targeted  or  non-targeted  SPIO  nanoparticles.  After  1 
week,  6  animals  from  each  group  were  subjected  to  magnetic  hyperthermia  (MH)  for  30 
minutes,  (a)  Lung  tumor  bioluminescence  was  monitored  over  a  period  of  1  month.  Data  shown 
as  mean  ±  SD  (n  =  6;  *  P  <  0.05  compared  to  saline-treated  and  unheated  controls),  (b)  Lungs 
were  collected  at  the  end  of  the  efficacy  study  (1  month  after  magnetic  hyperthermia)  and 
weighed.  Data  shown  as  Mean  ±  SD  (n  =  6;  *  P  <  0.05  compared  to  unheated  control). 
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KEY  RESEARCH  ACCOMPLISHMENTS 


*■  Demonstrated  effective  inhibition  of  in  vivo  tumor  growth  by  SPIO  particle-mediated 
magnetic  hyperthermia. 

*  Demonstrated  the  effectiveness  of  EGFR  targeting  in  enhancing  the  therapeutic 
effectiveness  of  magnetic  hyperthermia  in  a  mouse  model. 


REPORTABLE  OUTCOMES 

Presentations 

*  Targeted  Magnetic  Hyperthermia  for  Lung  Cancer 

o  Design  of  Medical  Devices  Conference  2013,  Minneapolis,  MN  (Invited  talk) 

Publications 

1 .  Sadhukha  T,  Niu  L,  Wiedmann  TS,  Panyam  J.  “Effective  elimination  of  cancer  stem 
cells  by  magnetic  hyperthermia.”  Mol  Pharm.  2013;  10  (4):1432^H 

2.  Sadhukha  T,  Wiedmann  TS,  Panyam  J.  “Inhalable  magnetic  nanoparticles  for  targeted 
hyperthermia  in  lung  cancer  therapy.”  Biomaterials  2013;  34(21  ):51 63-71 . 

3.  Wiedmann  TS,  Sadhukha  T,  Hammer  BE,  Panyam  J.  “Image-guided  drug  delivery  in 
lung  cancer.”  Drug  Delivery  and  Translational  Research.  2012;  2(1):31-44. 


CONCLUSION 

Enhanced  inhibition  of  in  vivo  lung  tumor  growth  of  SPIO  NPs  functionalized  with  EGFR 
targeting  ligand  was  demonstrated  compared  to  non-functionalized  or  scrambled  peptide 
conjugated  nanoparticles.  No  severe  toxic  manifestations  were  observed  from  the  dose  of  SPIO 
NP  administered  to  the  animals.  Future  studies  will  examine  the  effect  of  magnetic  hyperthermia 
on  HSP  70  expression. 
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APPENDICES 


Copies  of  publications  #1-3  are  included  as  a  part  of  the  appendix. 


9 


Article 


mnlfifiiilar 


pharmaceutics 


Effective  Elimination  of  Cancer  Stem  Cells  by  Magnetic  Hyperthermia 

Tanmoy  Sadhukha/  Lin  Niu/  Timothy  Scott  Wiedmann/  and  Jayanth  Panyam 

^Department  of  Pharmaceutics,  College  of  Pharmacy,  University  of  Minnesota,  Minneapolis,  Minnesota  55455,  United  States 
^Masonic  Cancer  Center,  University  of  Minnesota,  Minneapolis,  Minnesota  55455,  United  States 

Q  Supporting  Information 


ABSTRACT:  Cancer  stem  cells  (CSCs)  are  a  subpopulation 
of  cancer  cells  that  have  stem  cell-like  properties  and  are 
thought  to  be  responsible  for  tumor  drug  resistance  and 
relapse.  Therapies  that  can  effectively  eliminate  CSCs  will, 
therefore,  likely  inhibit  tumor  recurrence.  The  objective  of  our 
study  was  to  determine  the  susceptibility  of  CSCs  to  magnetic 
hyperthermia,  a  treatment  that  utilizes  superparamagnetic  iron 
oxide  nanoparticles  placed  in  an  alternating  magnetic  field  to 
generate  localized  heat  and  achieve  selective  tumor  cell  kill. 

SPIO  NPs  having  a  magnetite  core  of  12  nm  were  used  to 
induce  magnetic  hyperthermia  in  A549  and  MDA-MB-231 
tumor  cells.  Multiple  assays  for  CSCs,  including  side 
population  phenotype,  aldehyde  dehydrogenase  expression, 
mammosphere  formation,  and  in  vivo  xenotransplantation,  indicated  that  magnetic  hyperthermia  reduced  or,  in  some  cases, 
eliminated  the  CSC  subpopulation  in  treated  cells.  Interestingly,  conventional  hyperthermia,  induced  by  subjecting  cells  to 
elevated  temperature  (46  °C)  in  a  water  bath,  was  not  effective  in  eliminating  CSCs.  Our  studies  show  that  magnetic 
hyperthermia  has  pleiotropic  effects,  inducing  acute  necrosis  in  some  cells  while  stimulating  reactive  oxygen  species  generation 
and  slower  cell  kill  in  others.  These  results  suggest  the  potential  for  lower  rates  of  tumor  recurrence  after  magnetic  hyperthermia 
compared  to  conventional  cancer  therapies. 

KEYWORDS:  superparamagnetic  iron  oxide ,  magnetic  hyperthermia ,  cancer  stem  cells,  necrosis,  reactive  oxygen  species,  mammosphere, 
clonogenicity,  tumorigenicity,  aldehyde  dehydrogenase 
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■  INTRODUCTION 

A  number  of  recent  studies  suggest  that  tumors  consist  of  a  minor 
population  of  stem-like  cells  (cancer  stem  cells;  CSCs)  that  are 
capable  of  generating  and  maintaining  a  tumor  in  its  entirety.1 
These  cells  have  the  capacity  for  asymmetric  cell  division, 
generating  one  identical  daughter  cell  and  another  that  is 
committed  to  a  distinct  differentiation  pattern.  The  latter 
undergoes  a  series  of  divisions  and  differentiation  steps  that 
result  in  the  generation  of  terminally  differentiated  cell 
populations.  Cells  in  the  intermediate  states  are  referred  to  as 
progenitors,  transit  cells,  or  transit  amplifying  cells.2  All  of  these 
phenotypes,  collectively  termed  tumor-initiating  cells,  have  the 
potential  to  give  rise  to  a  complete  tumor.  CSCs  are  resistant  to 
conventional  chemotherapy  and  can  initiate  tumor  recurrence 
following  treatment.3  CSCs  possess  several  defense  mechanisms 
including  overexpression  of  efflux  pumps  that  can  eliminate 
cytotoxic  drugs,4  increased  expression  of  DNA-repair  proteins 
that  can  counteract  DNA  damage,5  elevated  antioxidant 
concentrations  to  defend  against  reactive  oxygen  species 
(ROS),6  and  low  rate  of  cell  division.7  Tumors  can  become 
enriched  in  CSCs  after  conventional  treatments,5'8  which  could 
account  for  frequent  tumor  relapse  observed  in  many  cancers. 

Hyperthermia,  which  utilizes  elevated  temperatures  in  the 
range  of  41—46  °C  to  kill  tumor  cells,9  has  been  shown  to 
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improve  treatment  response  and  survival  when  used  in 
combination  with  radiotherapy,  surgery,  and/or  chemother¬ 
apy.10'11  In  mouse  tumor  models,  the  addition  of  local 
hyperthermia  significantly  increased  the  sensitivity  of  CSCs  to 
radiotherapy.12  Magnetic  hyperthermia  is  a  related  approach  that 
utilizes  superparamagnetic  iron  oxide  nanoparticles  (SPIO  NPs) 
placed  in  an  alternating  magnetic  field  to  generate  heat  for  a 
highly  localized  tumor  cell  kill.13  Magnetic  hyperthermia  is 
currently  in  clinical  trials  in  Europe  for  glioblastoma  as  well  as 
prostate  and  pancreatic  cancers.1  While  a  number  of  previous 
studies  have  demonstrated  the  anticancer  efficacy  of  magnetic 
hyperthermia,15  the  effect  of  magnetic  hyperthermia  on  CSCs 
has  not  been  reported  to  date.  Using  various  in  vitro  and  in  vivo 
assays,  we  evaluated  the  ability  of  SPIO  NP-mediated  magnetic 
hyperthermia  to  effectively  eliminate  CSCs. 

■  EXPERIMENTAL  SECTION 

Materials.  Ferrous  chloride  tetrahydrate,  ferric  chloride 
hexahydrate,  myristic  acid,  Pluronic  FI 27,  ascorbic  acid, 
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potassium  hydroxide,  1,10-phenanthroline,  and  sodium  acetate 
were  purchased  from  Sigma  (St.  Louis,  MO).  Penicillin/ 
streptomycin,  fetal  bovine  serum  (FBS),  RPMI 1640,  Dulbecco's 
phosphate-buffered  saline  (DPBS),  F-12K  (Kaighn's  modifica¬ 
tion),  MEM,  nonessential  amino  acids,  sodium  pyruvate,  and 
trypsin-ethylenediaminetetraacetic  acid  (EDTA)  solution  were 
obtained  from  Invitrogen  Corporation  (Carlsbad,  CA).  Cytotox 
96  nonradioactive  cytotoxicity  assay  kit  was  purchased  from 
Promega  (Madison,  Wl). 

Methods.  Synthesis  of  Water-Dispersible  SPIO  NPs.  A  stable 
aqueous  dispersion  of  SPIO  NPs  was  prepared  from  iron 
chlorides  as  previously  described.16  In  brief,  0.82  g  of  ferric 
chloride  hexahydrate  and  0.33  g  of  ferrous  chloride  tetrahydrate 
were  dissolved  in  30  mL  of  degassed  and  nitrogen-purged  water, 
and  3  mL  of  5  M  ammonium  hydroxide  was  added  dropwise  to 
this  solution  and  stirred  for  30  min.  Iron  oxide  nanoparticles 
formed  were  washed  three  times  with  nitrogen-purged  water 
(each  wash  followed  by  magnetic  separation  of  nanoparticles), 
sonicated  in  a  water  bath  sonicator  for  2  min,  and  heated  to  80 
°C.  About  100  mg  of  myristic  acid  was  added  to  the  heated 
mixture  and  stirred  for  another  30  min.  Particles  were  washed 
twice  with  acetone  to  remove  excess  myristic  acid,  followed  by 
two  additional  washes  with  water  to  remove  excess  acetone. 
Myristic  acid-coated  particles  were  then  suspended  in  30  mL  of 
water;  100  mg  of  pluronic  FI 27  was  added,  and  the  mixture  was 
stirred  overnight.  The  final  dispersion  was  lyophilized 
(Labconco,  FreeZone  4.5,  Kansas  City,  MO)  to  obtain  SPIO 
NPs.  Every  step  of  the  synthesis  was  carefully  conducted  to 
minimize  exposure  to  atmospheric  oxygen. 

Characterization  of  SPIO  NPs.  Dynamic  light  scattering  was 
used  to  determine  the  hydrodynamic  diameter  of  SPIO  NPs. 
About  0.5  mg/mL  of  SPIO  NPs  dispersed  deionized  water  was 
subjected  to  particle  size  analysis  using  a  Delsa  Nano  C  Particle 
Analyzer  (Beckman,  Brea,  CA).  Transmission  electron  micros¬ 
copy  (TEM)  of  SPIO  NPs  was  performed  using  a  JEOL  JEM- 
1210  transmission  electron  microscope  (Peabody,  MA).  A  drop 
of  an  aqueous  dispersion  of  SPIO  NPs  was  placed  on  a  Lacey 
carbon-coated  copper  grid  (300  mesh,  Ted  Pella  Inc.  Redding, 
CA)  and  allowed  to  air-dry  before  imaging.  Diameters  of  100 
different  particles  were  measured  from  different  TEM  images 
using  ImageJ  software.  The  average  diameter  along  the 
horizontal  axis  was  determined  as  the  mean  Feret's  diameter. 
The  mean  crystallite  size  of  SPIO  NPs  was  calculated  from  their 
X-ray  diffraction  pattern.  SPIO  NPs  were  subjected  to  a  Cu— Ka 
radiation  (45  kV,  40  mA)  in  a  wide-angle  powder  X-ray 
diffractometer  (D5005,  Siemens,  Madison,  Wl).  The  instrument 
was  operated  in  the  step-scan  mode  in  increments  of  0.05°  2 6 
over  an  angular  range  of  10—100°  26  with  a  dwell  time  of  1  s  for 
each  scan  step.  Data  analysis  was  performed  using  OriginPro  8 
software  (OriginLab  Corporation,  Northampton,  MA).  Five 
highest  peaks  (at  30.1°,  35.5°,  43.1°,  57.1°,  and  62.7°  26)  were  fit 
using  the  pseudo-Voigt  profile  function,  which  is  a  linear 
combination  of  the  Gaussian  and  Lorentzian  components  of  the 
diffraction  peaks.  The  Scherrer  equation  was  utilized  to 
determine  the  mean  particle  size  of  SPIO  NPs.17 

Fourier-transformed  infrared  spectroscopy  (FT-IR)  of  SPIO 
NPs  was  performed  using  Vertex  70  FT-IR  spectrophotometer 
(Bruker  Optics  Inc.,  Billerica,  MA).  About  5  mg  of  SPIO  NPs 
were  added  to  the  FT-IR  stage  and  scanned  from  4000  cm-1  to 
400  cm-1.  Each  spectrum  was  obtained  as  an  average  of  16 
interferograms  at  a  resolution  of  2  cm-1  and  analyzed  using 
OPUS  software  (Bruker  Optics  Inc.,  Billerica,  MA).  Magnetic 
properties  were  determined  using  a  vibrating  sample  magneto¬ 


meter  (Micromod  model  3900,  Princeton,  Nj)  operating  at 
room  temperature.  Accurately  weighed  samples  of  SPIO  NPs 
was  sprinkled  on  a  lightly  greased  silicon  wafer  and  their 
magnetization  curves  were  recorded  in  magnetic  fields  ranging 
from  —1  to  1  T,  at  increments  of  0.002  T.  The  saturation 
magnetization  per  gram  of  magnetite  was  calculated  from  the 
magnetization  curves  normalized  to  the  weight  of  magnetite 
added.  The  composition  of  SPIO  NPs  was  estimated  using  1,10- 
phenanthroline-based  iron  assay.18  About  5  mg  of  SPIO  NPs  was 
dissolved  in  12  N  hydrochloric  acid  and  then  diluted  with 
distilled  water  to  obtain  a  final  acid  concentration  of  0.2  N. 
Samples  of  10  mg/mL  ascorbic  acid,  22.4  mg/mL  potassium 
hydroxide,  123  mg/mL  sodium  acetate,  and  1.2  mg/mL  1,10- 
phenanthroline  were  added  to  the  SPIO  NP  solution  in  a  volume 
ratio  of  1:1:5: 1:1.  The  absorbance  at  490  nm  was  recorded  using 
a  microplate  reader  (ELx800  Absorbance  Microplate  Reader, 
Biotek,  Winooski,  VT),  and  the  iron  content  was  analyzed  using 
ferric  chloride  (hexahydrate)  solutions  in  0.2  N  hydrochloric  acid 
as  a  standard. 

Magnetic  Heating  Rate.  SPIO  NPs  were  dispersed  in  1  mL  of 
Hank's  F-12K  medium  or  in  1  mL  of  molten  3%  agarose,  which 
was  then  allowed  to  form  a  gel  in  10  mm  X  75  mm  disposable 
borosilicate  glass  cell  culture  tubes.  Magnetic  heating  was 
performed  using  an  induction  heating  system  (l  kW  Hotshot, 
Ameritherm  Inc.,  Scottsville,  NY)  by  placing  the  suspension  at 
the  center  of  a  multiturn  copper  coil  that  generated  the 
alternating  magnetic  field  (nominal  magnetic  field  strength  of 
6  kA/ m  and  frequency  of 386  kHz).  The  temperature  change  was 
measured  using  a  fluoroptic  probe  (Lumasense  Technologies, 
Santa  Clara,  CA).  Samples  were  thermally  equilibrated  to  37  °C 
before  exposure  to  the  field. 

Cell  Culture  Studies.  A549  (human  lung  adenocarcinoma) 
and  MDA-MB-231  (human  mammary  adenocarcinoma)  cells 
were  used  in  the  study.  A549  cells  were  propagated  using  F-12K 
medium  supplemented  with  10%  fetal  bovine  serum  (FBS)  and 
1%  antibiotic  solution.  MDA-MB-231  cells  were  grown  in  MEM 
supplemented  with  10%  FBS,  1%  nonessential  amino  acids,  1% 
sodium  pyruvate,  and  1%  antibiotic  solution.  Both  cell  lines  were 
maintained  at  37  °C  and  in  5%  carbon  dioxide. 

Effect  of  Magnetic  Hyperthermia  on  CSCs.  a.  Side 
Population  Determination.  Following  magnetic  hyperthermia, 
A549  cells  were  centrifuged  and  resuspended  in  prewarmed  1  mL 
of  Dulbecco's  modified  Eagle's  medium  (DMEM)  with  2%  FBS 
and  10  mM  4-(2-hydroxyethyl)-l-piperazineethanesulfonic  acid 
(HEPES).  Hoechst  33342  dye  was  added  at  a  concentration  of  5 
pg/ mL.  In  each  treatment  group,  one  sample  was  pretreated  with 
2  pM  tariquidar,  an  inhibitor  of  Hoechst  efflux.  Cells  were  then 
incubated  at  37  °C  for  90  min  with  occasional  shaking.  Cells  were 
then  washed  with  chilled  Hank's  balanced  salt  solution  (HBSS) 
with  2%  FBS  and  10  mM  HEPES  buffer  and  resuspended  in 
chilled  buffer.  7-Aminoactinomycin-D  (7AAD)  was  added  to  the 
sample  tubes  before  flow  cytometric  analysis  to  gate  for  live  cells. 
Flow  analysis  was  carried  out  on  a  FACSDiva  (BD  Biosciences); 
Hoechst  33342  dye  was  excited  at  357  nm,  and  the  fluorescence 
was  measured  at  402—446  nm  (blue)  and  650— 670  nm  (red) 
wavelengths. 19,20 

b.  Mammosphere  Assay.  Following  magnetic  hyperthermia, 
MDA-MB-231  cells  were  washed  and  resuspended  in  cell  culture 
medium.  About  3000  live  cells  (counted  by  trypan  blue 
exclusion)  were  plated  in  ultralow  adhesion  6-well  plates  with 
2  mL  of  mammosphere  formulation  (DMEM/F-12  medium 
supplemented  with  10  ng/mL  human-fibroblast  growth  factor, 
20  ng/mL  recombinant  human  epidermal  growth  factor,  0.4% 
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bovine  serum  albumin,  5  pg/mL  insulin,  and  1%  antibiotics). 
The  number  of  mammospheres  formed  was  counted  under  a 
light  microscope  5  days  after  treatment.21 

c.  Aldehyde  Dehydrogenase  Assay.  Thirty  million  MDA- 
MB-231  cells  were  sorted  based  on  their  levels  of  aldehyde 
dehydrogenase  (ALDH)  enzyme  using  the  ALDEFLUOR  kit 
(STEMCELL  Technologies  Inc.,  Vancouver,  Canada).22  Prior  to 
sorting,  5  pL  of  the  activated  reagent  was  added  to  each  milliliter 
of  the  cell  suspension  (l  million  cells/mL),  mixed  well,  and  500 
pL  of  the  suspension  was  immediately  transferred  to  another 
tube  containing  5  pL  of  diethylaminobenzaldehyde  (DEAB) 
reagent  in  95%  ethanol.  The  tubes  were  incubated  for  45  min  at 
37  °C,  following  which  the  cells  were  centrifuged  in  cold,  and 
redispersed  in  cold  ALDEFLUOR  assay  buffer  and  stored  on  ice. 
Cells  were  then  sorted  using  BD  FACSVantage  (BD 
Biosciences)  cell  sorter.  Cells  incubated  with  DEAB  reagent 
were  used  to  gate  for  cells  having  low  ALDH  level  (ALDHlow), 
and  cells  to  the  right  of  the  gate  were  sorted  as  ALDHhigh 
population.  Around  3—4%  of  MDA-MB-231  cells  were 
ALDHhigh.  ALDH-sorted  cells  were  subjected  to  30  min  of 
magnetic  hyperthermia.  Cells  incubated  with  or  without  SPIO 
NP  and  not  exposed  to  alternating  magnetic  field  were  used  as 
controls.  Treated  cells  were  evaluated  for  clonogenicty  as 
described  above. 

d.  Tumorigenicity  Assay.  The  study  was  carried  out  in 
compliance  with  protocol  approved  by  the  Institutional  Animal 
Care  and  Use  Committee  at  the  University  of  Minnesota.  Female 
BALB/c-nude  mice  (C.Cg/AnNTac-Foxnlnu  NE9;  Taconic 
Farms),  four  to  six  weeks  of  age,  were  used  for  the  studies. 
Mice  received  either  5000  or  50  000  live  A549  cells  (viability 
determined  through  trypan  blue  exclusion)  that  were  previously 
subjected  to  30  min  of  magnetic  hyperthermia.  Animals  that 
received  similar  number  of  untreated  cells  or  cells  treated  with 
SPIO  NPs  but  not  exposed  to  alternating  magnetic  field  served  as 
controls.  Animals  were  observed  once  every  three  days  for  the 
appearance  of  palpable  tumors.19  Tumor  dimensions  were  also 
measured  using  a  digital  calipers,  and  the  tumor  volume  (V)  was 
calculated  using  the  formula  V  =  0.5  (L  X  W2),  where  L  and  W  are 
the  longest  and  shortest  diameters,  respectively.  The  develop¬ 
ment  of  100  mm3  tumors  or  60  days  after  cell  injection 
(whichever  came  first)  marked  the  end  of  the  study  for  each 
animal. 

Cytotoxicity  Studies,  a.  Cell  Death  after  Magnetic  Hyper¬ 
thermia.  About  1  million  cells  were  suspended  in  500  pL  of 
RPMI  (without  phenol  red  and  with  5%  FBS).  500  juL  of  5  mg/ 
mL  SPIO  NP  dispersion  in  the  same  medium  was  added  to  the 
cell  suspension  placed  in  an  alternating  magnetic  field  (6  kA/m, 
386  kHz)  for  5,  15,  or  30  min.  The  cell  suspension  temperature 
was  carefully  maintained  between  43  and  46  °C  (Supporting 
Information,  Figure  l).  Cells  with  or  without  SPIO  NPs  and  not 
exposed  to  alternating  magnetic  field  were  used  as  controls.  In 
addition,  cells  incubated  in  a  water  bath  at  46  °C  for  30  min,  with 
or  without  SPIO  NPs,  served  as  conventional  hyperthermia 
controls.  Following  treatment  (after  2  h),  the  cells  were  pelleted 
down,  and  the  amount  of  lactate  dehydrogenase  (LDH)  released 
by  the  cells  in  the  supernatant  was  analyzed.  LDH  released  by  the 
untreated  control  was  used  to  normalize  for  the  background  cell 
death,  and  LDH  released  by  equal  number  of  freeze— thaw  lysed 
cells  was  used  to  calculate  100%  cell  death. 

To  evaluate  the  induction  of  apoptosis  by  magnetic  hyper¬ 
thermia,  treated  cells  were  gently  dispersed  in  medium 
containing  10%  FBS  and  plated  in  6-well  plates.  After  another 
10  h,  A549  cells  were  examined  for  apoptosis/necrosis  by  a  flow- 


cytometry-based  annexin-V  fluorescein  isothiocyanate  (FITC)/ 
propidium  iodide  (Pi)  assay.  Briefly,  cells  were  trypsinized  and 
then  centrifuged  at  1000  rpm  for  8  min.  The  cell  pellets  were 
stained  with  FITC-conjugated  annexin-V  and  PI  according  to 
manufacturer  s  instructions  (BD  Pharmingen,  San  Jose,  CA)  and 
then  immediately  analyzed  using  a  flow  cytometer  (BD 
FACSCalibur,  BD  Biosciences,  San  Jose,  CA).  FITC  and  PI 
fluorescence  emissions  were  detected  in  FL-1  (515—545  nm) 
and  FL-3  (670  long-pass)  modes,  respectively.  Data  from  at  least 
10  000  cells  were  analyzed  using  Cyflogic  software  (Cyflo  Ltd., 
Turku,  Finland). 

b.  Clonogenicity.  Clonogenicity  was  used  as  a  measure  of  the 
proliferative  potential  of  cells  subjected  to  magnetic  hyper¬ 
thermia.23  Following  treatment,  200  live  cells  (identified  by 
trypan  blue  exclusion  assay)  from  each  group  were  plated  in  a  10 
cm  culture  dish  and  allowed  to  form  colonies.  After  2  weeks 
(about  12—15  cell  doubling  times24'25),  the  plates  were  washed 
with  DPBS  and  fixed  with  5%  formalin  in  DPBS  for  3  min. 
Colonies  were  further  washed  with  DPBS  and  then  stained  with 
0.05%  crystal  violet  for  30  min.  Plates  were  then  washed  gently 
with  water  and  air-dried,  and  the  number  of  colonies  formed  in 
each  treatment  groups  was  counted.  Colonies  were  counted  prior 
to  and  after  washing  and  staining  steps  to  account  for  the  loss  of 
colonies  during  the  processing  steps. 

c.  Instantaneous  Cell  Death  during  Magnetic  Hyper¬ 
thermia.  Following  incubation  of  A549  cells  with  SPIO  NPs,  2 
mM  7AAD,  a  cell  viability  stain,  was  added  to  the  cells  prior  to 
exposing  them  to  magnetic  field.  Cells  not  exposed  to  alternating 
magnetic  field,  with  or  without  SPIO  NPs,  and  cells  exposed  to 
30  min  of  conventional  hyperthermia  were  used  as  controls. 
Following  treatments,  cells  were  immediately  washed  by 
centrifugation,  resuspended  in  RPMI  (without  phenol  red)  and 
subjected  to  flow  cytometry.  7AAD  fluorescence  was  detected  in 
the  FL-3  channel.  Data  from  20  000  cells  in  each  group  were 
analyzed  using  Cyflogic  software. 

Reactive  Oxygen  Species  (ROS)  Generation  after  Magnetic 
Hyperthermia.  Immediately  prior  to  magnetic  hyperthermia 
treatment,  5-(and-6)-chloromethyl-2/,7'-dichlorodihydrofluor- 
escein  diacetate,  acetyl  ester  (CM-H2DCFDA)  (7.5  pM)  and 
PI  (10  pM)  were  added  to  A549  cell  suspension.  Cells  were 
subjected  to  magnetic  hyperthermia  and  then  to  flow  cytometric 
analysis.  The  deacetylated  and  oxidized  product,  2',7/-dichloro- 
fluorescein,  formed  due  to  ROS  generation  in  the  cells,  was 
detected  in  the  FL-1  channel  while  PI  fluorescence  was  detected 
in  the  FL-3  channel. 

To  determine  the  role  of  ROS  in  inducing  cell  death,  cells  were 
pretreated  with  10  mM  N-acetyl  cysteine  for  1  h  before  adding 
CM-H2DCFDA  and  then  subjected  to  5  min  of  magnetic 
hyperthermia.  Cells  treated  with  5  mM  hydrogen  peroxide  with 
and  without  N-acetyl  cysteine  pretreatment  served  as  additional 
controls. 

Statistical  Analysis.  Statistical  analyses  were  performed  using 
one-way  analysis  of  variance  (AN OVA)  by  the  Bonferroni-Holm 
method  for  comparison  between  individual  groups.  A  probability 
level  of  P  <  0.05  was  considered  significant. 

■  RESULTS 

Characterization  of  SPIO  NPs.  The  physicochemical 
properties  of  SPIO  NPs  used  in  this  study  are  summarized  in 
Table  1.  The  particles  were  composed  of  74  ±  2%  (w/w)  iron 
oxide,  coated  with  10  ±  3%  (w/w)  myristic  acid,  and  stabilized  by 
16  ±  2%  (w/w)  Pluronic  FI 27.  TEM  studies  indicated  that  the 
mean  FereLs  diameter  of  the  iron  oxide  core  was  12  ±  3  nm 
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Table  1.  SPIO  NP  Characterization 

Composition 


form  of  iron  oxide 

magnetite 

iron  oxide  content 

74  ±  1.6% 

myristic  acid  coating 

10  ±  2.7% 

Pluronic  FI 27  coating 

16  ±  1.6% 

Particle  Size 

particle  size  (TEM) 

12  ±  3  nm 

crystallite  size  (XRD) 

12  ±  1  nm 

hydrodynamic  diameter  (DLS) 

185  nm 

polydispersity 

0.22 

Magnetic  Parameters 

saturation  magnetization 

60.5  emu/ g  magnetite 

remanence 

1.6  emu/g  magnetite 

coercivity 

1.37  Oersted 

(Figure  1A).  This  result  was  confirmed  by  the  mean  particle  size 
calculated  from  XRD  data  (12  ±  1  nm)  (Supporting  Figure  2). 
SPIO  NPs  had  an  average  hydrodynamic  diameter  of  185  nm, 
suggesting  that  particles  in  aqueous  media  existed  as  small 
aggregates  rather  than  as  individual  SPIO  NPs.  FTIR  spectros¬ 
copy  showed  the  presence  of  characteristic  magnetite  bands  at 
570  cm-1  and  400  cm-1  and  the  absence  of  maghemite  bands  at 
700  cm-1  and  630— 660  cm-1,  indicating  that  the  primary  form  of 
iron  oxide  in  SPIO  NPs  was  magnetite  (data  not  shown).26  SPIO 
NPs  had  a  high  saturation  magnetization  of  60.5  emu/g  of 
magnetite,  with  negligible  remanence  and  coercivity,  verifying 
their  superparamagnetic  nature  (Figure  IB).  The  heating  rate  of 
SPIO  NPs  was  concentration-dependent  and  was  similar  in  both 
cell  culture  medium  and  in  agarose  gel  (Figure  1C,D).  Based  on 
the  heating  rates,  a  concentration  of  2.5  mg/mL  of  SPIO  NPs 
(equivalent  to  1.85  mg/mL  of  magnetite)  was  found  to  be 
optimal  for  inducing  magnetic  hyperthermia  in  vitro. 


Effect  of  Magnetic  Hyperthermia  on  CSCs.  a.  Side 
Population  in  A549  Cells.  The  side  population  phenotype, 
characterized  by  overexpression  of  efflux  transporters,  is  believed 
to  be  rich  in  CSCs.19,20  Hoechst  33342  is  a  substrate  of  both  P- 
glycoprotein  (P-gp)  and  Breast  Cancer  Resistance  Protein 
(BCRP),  and  the  assay  is  therefore  considered  a  direct  correlate 
of  transporter  expression.  The  difference  in  the  fraction  of 
Hoechst  33342-negative  cells  with  and  without  the  dual  efflux 
inhibitor  tariquidar  is  considered  the  side  population.  Interest¬ 
ingly,  magnetic  hyperthermia  resulted  in  a  considerable  decrease 
in  the  side  population  (~12%  in  magnetic  hyperthermia  group  vs 
20%  in  the  nonhyperthermia  SPIO  NP  control)  (Figure  2A). 

b.  Mammosphere  Assay.  Mammospheres  are  clusters  of 
mammary  tumor  cells  growing  in  an  anchorage-independent 
fashion  and  have  been  shown  to  be  a  quantitative  indicator  of  the 
CSC  subpopulation.27  We  observed  a  significant  reduction  (P  < 
0.01  vs  untreated  cells)  in  mammosphere  formation  in  MDA- 
MB-231  cells  following  magnetic  hyperthermia  (Figure  2B). 
Untreated  cells  or  cells  subjected  to  conventional  hyperthermia 
formed  rigid  mammospheres,  whereas  magnetic  hyperthermia 
treated  groups  formed  smaller  spheres  (Supporting  Figure  3). 
While  5  and  15  min  of  magnetic  hyperthermia  resulted  in  63% 
and  90%  reduction  in  mammosphere  formation,  respectively, 
there  was  a  complete  absence  of  mammosphere  formation  after 
30  min  of  magnetic  hyperthermia. 

C.  ALDH  Assay.  High  levels  of  ALDH  have  been  reported  for 
normal  and  cancer  precursor  cells.22,25  To  determine  the  effect  of 
magnetic  hyperthermia  on  cells  with  differential  ALDH 
expression,  MDA-MB-231  cells  were  sorted  based  on  the  overall 
levels  of  the  ALDH  enzyme.  Clonogenicity  studies  revealed  that 
both  ALDHhigh  and  ALDHlow  cells  were  equally  susceptible  to 
magnetic  hyperthermia,  with  a  complete  absence  of  colony 
formation  following  magnetic  hyperthermia  in  either  population 


Figure  1.  Characterization  of  SPIO  NPs.  (A)  Representative  TEM  image  of  SPIO  NPs.  A  drop  of  aqueous  NP  suspension  was  placed  on  a  TEM  grid  and 
air-dried  before  observing  under  an  electron  microscope.  Scale  bar,  50  nm.  (B)  Magnetization.  Magnetization  curves  were  recorded  on  a  vibrating 
sample  magnetometer.  The  curve  was  normalized  to  the  weight  of  magnetite  added  to  obtain  saturation  magnetization  per  gram  of  magnetite.  The 
sigmoidal  curve  is  characteristic  of  superparamagnetic  substances.  Heating  rates  of  SPIO  NPs  dispersed  in  (C)  cell  culture  medium  and  (D)  agarose  gel. 
SPIO  NP  dispersions  in  a  borosilicate  glass  tube  were  placed  in  an  alternating  magnetic  field  of  6  kA/m  and  operating  at  a  frequency  of  386  kHz.  The 
initial  temperature  was  equilibrated  to  37  °C,  and  the  temperature  of  SPIO  NP  dispersion  was  sampled  at  15  s  intervals  using  a  fluoroptic  probe  following 
the  application  of  the  alternating  magnetic  field. 


1435 


dx.doi.org/1 0.1 021  /mp40001 5b  I  Mol.  Pharmaceutics  2013, 10, 1432-1441 


Molecular  Pharmaceutics 


Article 


Cells  SPIONP  5 min  MH  15minMH  30minMH  Conventional  Cells  SPIO  NP  30  min  Cells  SPIO  NP  30  min 

hyperthermia  v _ MH  j  v _ MH  j 

ALDH  bright  ALDH  dark 


Figure  2.  Effect  of  magnetic  hyperthermia  on  CSCs.  (A)  Side  population  assay.  Following  magnetic  hyperthermia,  A549  cells  were  incubated  with 
Hoechst  33342  dye  at  37  °C  for  90  min  followed  by  flow  cytometric  analysis  of  Hoechst  33342  fluorescence  in  blue  and  red  channels.  Cells  pretreated 
with  tariquidar  (a  dual  P-gp  and  BCRP  efflux  inhibitor)  were  used  as  controls.  The  flow  images  shown  are  representative  Hoechst  profiles  of  cells  treated 
with  SPIO  NPS  with  (right)  and  without  (left)  heating.  Side  population  is  shown  circumscribed  within  the  oval  area.  The  average  percent  (±S.D.)  of 
side  population  is  shown  for  each  group,  n-  3.  (B)  Mammosphere  formation.  After  magnetic  hyperthermia,  3000  live  cells  (counted  by  trypan  blue 
exclusion)  were  plated  in  ultralow  adhesion  6-well  plates  with  mammosphere  medium  and  left  undisturbed  at  37  °C.  The  number  of  mammospheres 
formed  was  counted  using  a  light  microscope  on  day  5  after  treatment.  Data  shown  is  mean  ±  S.D.,  n  -  3.  *P  <  0.01  vs  untreated  cells.  (C)  Clonogenicity 
of  ALDHhigh  and  ALDHlow  MDA-MB-231  cells.  MDA-MB-231  cells  were  sorted  based  on  ALDH  enzyme  levels  and  then  subjected  to  30  min  of 
magnetic  hyperthermia.  Post-treatment,  200  live  cells  were  plated  for  clonogenicity  assessment.  The  graph  shows  the  relative  survival  fraction  compared 
to  untreated  cells.  Data  shown  is  mean  ±  S.D.,  n  =  3.  *P  <  0.05;  #P  <  0.001  vs  untreated  cells. 
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Figure  3.  In  vivo  tumorigenicity  of  magnetic  hyperthermia  treated  cells.  A549  cells  subjected  to  magnetic  hyperthermia  were  injected  subcutaneously 
into  BALB-nude  mice  at  a  cell  density  of  5000  or  50  000  live  cells  per  animal.  Untreated  cells  or  cells  incubated  with  SPIO  NPs  but  not  exposed  to 
alternating  magnetic  field  were  used  as  controls.  A  tumor  size  of  100  mm3  or  60  days  post  cell  injection  (whichever  came  first)  marked  the  end  of  the 
study.  (A)  Percent  tumor-free  animals  and  (B)  average  tumor  volumes  plotted  as  a  function  of  days  after  cell  injection.  Data  shown  is  mean  ±  S.D.,  n  =  5. 


(Figure  2C).  Treatment  with  SPIO  NP  also  caused  a  smaller  but 
significant  ( p  <  0.05)  reduction  in  clonogenicity  of  both 
ALDHhigh  and  ALDHlow  cells. 

d.  Tumorigenicity  Assay.  A  characteristic  feature  of  CSCs  is 
their  ability  to  initiate  a  tumor  in  xenotransplantation  assays.28  In 
vivo  tumor  initiation  study  performed  in  nude  mice  showed  a 
significant  delay  in  tumor  initiation  with  magnetic  hyperthermia- 
treated  cells  compared  to  the  corresponding  controls.  While 
most  control  animals  developed  a  tumor  within  15  days  of  cell 
injection,  the  first  tumor  appeared  in  magnetic  hyperthermia- 


treated  groups  at  21  days  (50  000  cell  injection)  or  36  days  (5000 
cell  injection)  postinjection  (Figure  3A).  Furthermore,  40%  of 
the  animals  that  received  magnetic  hyperthermia-treated  tumor 
cells  did  not  develop  tumors  even  at  60  days  post  cell  injection 
(Figure  3B). 

Cell  Kill  after  Magnetic  Hyperthermia.  LDH  released  by 
cells  was  used  as  a  quantitative  indicator  of  cell  death.29  Magnetic 
hyperthermia  effectively  induced  cell  death  in  both  A549  and 
MDA-MB-231  cells  (Figure  4A),  and  the  efficacy  of  cell  kill  was 
found  to  increase  with  increasing  duration  of  exposure  to 
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Figure  4.  Effect  of  magnetic  hyperthermia  on  A549  tumor  cell  kill.  (A) 
LDH  release.  Cells  were  subjected  to  magnetic  hyperthermia  for  5,  15, 
or  30  min,  following  which  the  supernatant  medium  was  assayed  for  the 
amount  of  LDH  released  after  2  h  of  treatment.  SPIO  NP-treated  cells 
(without  exposure  to  AMF)  and  cells  subjected  to  30  min  of 
conventional  hyperthermia  at  46  °C  were  used  as  controls.  Equal 
numbers  of  freeze— thaw  lysed  cells  were  used  to  determine  LDH  release 
from  100%  cell  death  while  untreated  cells  were  used  to  determine 
background  LDH  release.  Data  shown  is  mean  ±  S.D.,  n  =  3.*P<  0.05; 
#P  <  0.01  vs  untreated  cells.  (B)  Clonogenicity.  About  200  live  cells 
from  each  treatment  group  were  plated  in  a  10  cm  tissue  culture  plate 
and  observed  for  colony  formation.  The  number  of  colonies  formed  was 
counted  2  weeks  later.  Data  shown  is  mean  ±  S.D.,  n-  3.  All  treatments 
resulted  in  statistical  significant  (P  <  0.0 1)  decrease  in  surviving  fraction. 
(C)  Instantaneous  7AAD  uptake.  7AAD  was  added  to  each  treatment 
tube  immediately  prior  to  magnetic  hyperthermia.  After  treatment,  the 
cells  were  washed  to  eliminate  excess  7AAD  and  subjected  to  flow 
cytometric  analysis.  Data  shown  is  mean  ±  S.D.,  n-  3.  All  hyperthermia 
treatments  resulted  in  statistical  significant  (P  <  0.0 1)  increase  in  7AAD 
uptake. 


magnetic  hyperthermia.  Prolonged  (30  min)  treatment  resulted 
in  88%  and  90%  cell  death  in  A549  and  MDA-MB-231  cells, 
respectively.  Conventional  hyperthermia  for  30  min  was  much 
less  effective  in  killing  cancer  cells  compared  to  magnetic 
hyperthermia. 


Induction  of  apoptosis  after  magnetic  hyperthermia  was 
determined  in  the  cells  that  survived  after  a  recovery  period  of  10 
h  after  treatment  (about  10%  in  30  min  treatment  group).  The 
overall  percent  of  healthy  cells  decreased  with  increasing 
duration  of  treatment  (Table  2).  The  proportion  of  early 


Table  2.  Induction  of  Apoptosis  and  Necrosis  in  A549  Cells 
Determined  by  Annexin-V/PI  Assay 


(PI— /A—) 
(healthy) 

(PI-/A+) 

(early 

apoptotic) 

(PI+/A+) 

(late 

apoptotic) 

(PI+/A-) 

(necrotic) 

untreated  cells 

97 

1 

1 

0.4 

SPIO  NP 

97 

0.6 

2 

0.7 

5  min  magnetic 
hyperthermia 

92 

2 

6 

0.4 

15  min  magnetic 
hyperthermia 

81 

3 

14 

2 

30  min  magnetic 
hyperthermia 

62 

2 

33 

3 

conventional 

93 

2 

6 

0.2 

hyperthermia 


apoptotic  cells  was  higher  for  5  and  15  min  magnetic 
hyperthermia  but  was  lower  for  30  min  treatment  compared  to 
SPIO  NP-treated  cells.  However,  there  was  a  higher  percent  of 
late  apoptotic/ necrotic  cells  in  the  group  exposed  to  30  min  of 
magnetic  hyperthermia.  Conventional  hyperthermia  was  much 
less  effective  than  magnetic  hyperthermia  in  inducing  apoptosis 
(2%  early  apoptotic  cells  and  6%  late  apoptotic  cells). 

A  clonogenicity  assay  showed  that  magnetic  hyperthermia 
resulted  in  a  decrease  in  the  proliferative  ability  and  survival  of 
both  A549  and  MDA-MB-231  cells  (Figure  4B).  Notably,  cells 
subjected  to  30  min  of  magnetic  hyperthermia  did  not  form  any 
colonies  in  either  cell  line. 

Instantaneous  7AAD  uptake  was  used  as  a  measure  of  acute 
cell  kill  during  magnetic  hyperthermia.  As  can  be  seen  from 
Figure  4c,  magnetic  hyperthermia  induced  instantaneous  7AAD 
uptake  in  the  treated  cells.  The  7AAD  profile  (30%,  47%,  and 
73%  after  5  min,  15  min,  and  30  min  of  magnetic  hyperthermia, 
respectively)  was  comparable  to  the  LDH  profile  (Figure  4A). 
No  significant  7AAD  uptake  was  observed  in  cells  exposed  to 
conventional  hyperthermia. 

ROS  Generation  during  Magnetic  Hyperthermia.  ROS 

generation  increased  with  increased  duration  of  magnetic 
hyperthermia  (Figure  5A).  Conventional  hyperthermia  did  not 
affect  ROS  levels  compared  to  untreated  cells.  Following 
magnetic  hyperthermia,  ROS  positive  population  appeared  to 
become  necrotic  with  time,  as  evidenced  by  the  migration  of 
ROShlgh/PIlow  population  to  the  ROShlgh/PIhlgh  quadrant  (Figure 
5B).  The  addition  of  N-acetyl  cysteine,  an  antioxidant,30 
inhibited  ROS  generation  (not  shown)  and  decreased  the 
fraction  of  cells  becoming  PI  positive  without  affecting  the  initial 
population  of  cells  that  took  up  PI  instantaneously  (Figure  5C). 
Interestingly,  though  ROS  production  and  PI  uptake  by  cells  that 
underwent  conventional  hyperthermia  was  comparable  to  that 
by  untreated  cells,  cells  subjected  to  conventional  hyperthermia 
in  the  presence  of  SPIO  NPs  demonstrated  greater  ROS 
production  compared  to  those  that  received  only  SPIO  NPs 
(Supporting  Figure  4). 

■  DISCUSSION 

Magnetic  hyperthermia,  a  technique  involving  the  use  of  SPIO 
NPs  subjected  to  AMF  to  generate  heat,13  has  been  studied  for 
treating  tumors  as  early  as  1957.31  The  main  advantage  of 
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Figure  5.  Effect  of  magnetic  hyperthermia  on  ROS  generation.  (A)  ROS  generation  immediately  after  treatment.  CM-H2DCFDA  was  added  to  A549 
cells  immediately  before  exposure  to  alternating  magnetic  field,  followed  by  flow  cytometric  analysis  to  determine  ROS  levels.  The  graph  shows  the  effect 
of  treatments  on  geometric  mean  intensity  of  fluorescence,  an  indicator  of  ROS  levels  in  the  cells.  Data  shown  is  mean  ±  S.D.,  n-  3.  All  treatments 
resulted  in  statistical  significant  ( P  <  O.Ol)  increase  in  the  geometric  mean  intensity  of  ROS  fluorescence.  (B)  Kinetic  study  to  monitor  ROS  levels  and  PI 
uptake  by  cells  subjected  to  magnetic  hyperthermia.  Cells  were  first  treated  with  CM-  H2DCFDA  and  PI  and  then  subjected  to  5  min  of  magnetic 
hyperthermia.  Fluorescence  from  ROS  generation  and  PI  uptake  by  the  cells  were  monitored  by  flow  cytometry.  The  change  in  the  flow  profile  of 
untreated  (top),  cells  treated  with  SPIO  NPs  (middle),  and  cells  treated  with  magnetic  hyperthermia  (bottom)  are  shown  at  different  times  after 
treatment.  (C)  Effect  of  ROS  scavenging  on  PI  uptake  by  magnetic  hyperthermia  treated  cells.  Prior  to  SPIO  NP  or  CM-H2DCFDA  addition  and 
exposure  to  alternating  magnetic  field,  cells  were  pretreated  with  N-acetyl  cysteine  (NAC)  to  scavenge  free  radicals.  The  percent  of  PI  positive  cells  at 
different  time  point  are  plotted  for  the  treatment  groups.  Data  shown  is  mean  ±  S.D.,  n  =  3.  *P  <  0.001  vs  all  other  groups. 


magnetic  hyperthermia  is  that  the  heating  rate  can  be  well- 
controlled  by  adjusting  particle  size  and  shape  of  SPIO  NPs  as 
well  as  by  modulating  the  properties  of  the  alternating  magnetic 
field.32  There  are  several  magnetic  materials  that  can  be  used  for 
inducing  magnetic  hyperthermia.  However,  most  studies  have 
focused  on  magnetic  iron  oxides,  Fe304  (magnetite)33  and  y- 
Fe203  (maghemite),34  which  have  been  proved  to  be  well 
tolerated  in  clinical  studies.35  The  core  size  of  SPIO  NPs  dictates 
the  primary  mechanism  of  heat  generation — Brownian  relaxa¬ 
tion  and/ or  Neel  relaxation.36’37  The  predominant  mechanism  of 
heat  generation  by  12  nm  SPIO  NPs  used  in  our  studies  is 
through  Neel  relaxation,  a  mechanism  of  heat  generation 
unaffected  by  suspending  medium  viscosity  or  by  particle 
aggregation.  This  was  confirmed  from  the  similar  heating  rates 
observed  for  SPIO  NPs  in  liquid  and  gel  media.  This  data 
suggests  that  heat  production  by  these  particles  will  not  likely  be 
affected  by  the  presence  of  dense  extracellular  matrix  found  in 
solid  tumors.38  Additionally,  higher  saturation  magnetization  of 
magnetic  substances  is  more  desirable,  because  this  translates  to 
higher  heating  rate  per  unit  mass.  SPIO  NPs  used  in  our  studies 
were  composed  of  magnetite,  which  possesses  higher  saturation 
magnetization  than  maghemite.39  Optimum  size  and  properties 
of  synthesized  SPIO  NPs,  along  with  their  high  saturation 
magnetization  and  iron  content,  allowed  for  effective  induction 
of  magnetic  hyperthermia  in  our  studies. 

A  number  of  preclinical  studies  have  demonstrated  the 
potential  use  of  magnetic  hyperthermia  as  an  effective  anticancer 
treatment  modality.13  In  addition,  magnetic  hyperthermia  is  in 


clinical  trials  for  different  cancers.14’40  However,  there  are  no 
reports  on  the  effect  of  magnetic  hyperthermia  on  CSCs,  a 
subpopulation  that  is  thought  to  be  responsible  for  tumor  drug 
resistance  and  relapse  41  Since  no  single  assay  is  confirmatory 
with  regard  to  the  effect  of  treatments  on  CSCs,  we  evaluated  the 
effect  of  magnetic  hyperthermia  on  multiple  biomarkers  and 
functional  properties  of  CSCs.  Hoechst  33342  efflux19  and 
ALDH42  assays  are  functional  assays  identifying  CSC-rich 
population,  while  mammosphere  formation  and  tumorigenicity 
assays  are  based  on  the  growth  and  proliferative  properties 
unique  to  CSCs  43  All  of  these  assays  indicated  that  magnetic 
hyperthermia  reduced  or,  in  some  cases,  eliminated  the  CSC 
subpopulation  in  treated  cells. 

Magnetic  hyperthermia  was  effective  in  reducing  CSC 
population  in  both  long-term  assays  such  as  mammosphere 
formation  as  well  as  in  short-term  studies  such  as  side  population 
assay.  The  short-term  effects  of  magnetic  hyperthermia  could  be 
attributed  to  the  induction  of  acute  cell  death,  which  was  evident 
from  high  LDH  release  immediately  after  the  treatment.  The 
increased  number  of  7AAD  positive  cells  immediately  after 
treatment  further  points  to  the  possibility  of  acute  necrosis 
induced  by  magnetic  hyperthermia.  Lack  of  significant  acute  cell 
kill  with  conventional  hyperthermia  suggests  that  necrosis 
brought  about  by  magnetic  hyperthermia  was  likely  temper¬ 
ature-independent.  CSCs  have  been  shown  to  be  resistant  to 
induction  of  apoptosis,44  a  slow  programmed  process  of  cell 
death.  Necrosis  is  a  more  violent  and  acute  cell  death,  most  often 
mediated  by  mechanical  damage  to  cell  membrane  and/ or  other 
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vital  cellular  organelles.45  If  magnetic  hyperthermia  indeed 
caused  necrosis,  it  is  unlikely  that  CSCs  will  have  resistance 
mechanisms  to  tolerate  this  acute  cell  death  pathway.28 

Exposure  of  cells  to  30  min  of  magnetic  hyperthermia  resulted 
in  the  induction  of  apoptosis/necrosis  in  only  about  35%  of  cells 
12  h  after  treatment,  suggesting  that  a  majority  of  the  cells  are 
viable  and  healthy.  However,  these  cells  did  not  form  any 
colonies  in  the  clonogenicity  assay.  This  implies  that  in  addition 
to  acute  necrosis,  there  is  a  pronounced  long-term  effect  of 
magnetic  hyperthermia  on  CSCs.  A  mechanism  postulated  for 
the  resistance  of  CSCs  against  DNA  damage  is  decreased  basal 
levels  of  ROS  generation  in  CSCs.6  Since  SPIO  NPs  have  been 
reported  to  induce  ROS,46  we  investigated  ROS  generation  as  a 
possible  mechanism  of  cell  kill  with  magnetic  hyperthermia. 
Immediately  after  magnetic  hyperthermia,  ROS  levels  were 
higher  than  in  controls,  and  this  appeared  to  be  followed  by  a 
slow  increase  in  the  number  of  dying  cells.  Inhibition  of  ROS 
generation  using  an  antioxidant  suppressed  this  transition.  These 
results  suggest  that  magnetic  hyperthermia  induces  ROS 
generation,  which  results  in  additional  cell  death  after  some 
latency.  A  similar  increase  in  ROS  production  and  cell  death  was 
observed  in  cells  incubated  with  SPIO  NPs  and  subjected  to 
conventional  hyperthermia  but  not  in  those  subjected  to  either 
conventional  hyperthermia  alone  or  SPIO  NP  treatment  alone. 
Overall,  our  studies  suggest  that  ROS  generation  by  magnetic 
hyperthermia  is  mediated  by  the  presence  of  SPIO  NPs  and  is 
amplified  by  higher  temperatures.  One  possibility  is  that  SPIO 
NPs  generate  ROS,  which  would  normally  be  scavenged 
efficiently  by  CSCs;47  however,  generation  of  heat  could 
decrease  the  ability  of  CSCs  to  scavenge  ROS  and  thereby 
increases  their  susceptibility  to  ROS. 

In  our  studies,  all  of  the  magnetic  hyperthermia  treatments 
were  performed  on  suspended  tumor  cells.  The  size  of  the 
induction  coil  used  prevented  studies  on  plated  cells.  It  is 
possible  that  suspended  and  adherent  cells  (either  grown  in  two- 
dimensional  plates  or  as  three-dimensional  spheres)  may  have 
different  susceptibilities  to  magnetic  hyperthermia.  The  effect  of 
growth  and  plating  conditions  on  the  effect  of  magnetic 
hyperthermia  on  CSCs  will  be  examined  in  our  future  studies. 

■  CONCLUSIONS 

CSCs  are  considered  to  play  important  roles  in  tumor  drug 
resistance  and  recurrence.  Our  studies  show  that  CSCs  and  non- 
CSCs  are  equally  susceptible  to  cell  death  induced  by  magnetic 
hyperthermia.  Further,  magnetic  hyperthermia  induces  both 
acute  necrosis  and  a  slower,  ROS-mediated  cell-death  in  treated 
cells.  Some  of  the  cell  kill  events  appear  to  be  temperature- 
independent,  although  elevated  temperatures  appear  to  amplify 
those  effects.  Overall,  these  results  suggest  the  potential  for 
effective  CSC  eradication  by  magnetic  hyperthermia.  Future 
studies  will  investigate  the  effect  of  magnetic  hyperthermia  on  in 
vivo  tumor  growth  and  tumor  recurrence. 
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Lung  cancer  (specifically,  non-small  cell  lung  cancer;  NSCLC)  is  the  leading  cause  of  cancer-related  deaths 
in  the  United  States.  Poor  response  rates  and  survival  with  current  treatments  clearly  indicate  the  urgent 
need  for  developing  an  effective  means  to  treat  NSCLC.  Magnetic  hyperthermia  is  a  non-invasive 
approach  for  tumor  ablation,  and  is  based  on  heat  generation  by  magnetic  materials,  such  as  super- 
paramagnetic  iron  oxide  (SPIO)  nanoparticles,  when  subjected  to  an  alternating  magnetic  field.  However, 
inadequate  delivery  of  magnetic  nanoparticles  to  tumor  cells  can  result  in  sub-lethal  temperature  change 
and  induce  resistance  while  non-targeted  delivery  of  these  particles  to  the  healthy  tissues  can  result  in 
toxicity.  In  our  studies,  we  evaluated  the  effectiveness  of  tumor-targeted  SPIO  nanoparticles  for  magnetic 
hyperthermia  of  lung  cancer.  EGFR-targeted,  inhalable  SPIO  nanoparticles  were  synthesized  and  char¬ 
acterized  for  targeting  lung  tumor  cells  as  well  as  for  magnetic  hyperthermia-mediated  antitumor  ef¬ 
ficacy  in  a  mouse  orthotopic  model  of  NSCLC.  Our  results  show  that  EGFR  targeting  enhances  tumor 
retention  of  SPIO  nanoparticles.  Further,  magnetic  hyperthermia  treatment  using  targeted  SPIO  nano¬ 
particles  resulted  in  significant  inhibition  of  in  vivo  lung  tumor  growth.  Overall,  this  work  demonstrates 
the  potential  for  developing  an  effective  anticancer  treatment  modality  for  the  treatment  of  NSCLC  based 
on  targeted  magnetic  hyperthermia. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Despite  earlier  diagnosis  and  the  availability  of  new 
molecularly- targeted  drugs,  lung  cancer  (specifically,  non-small 
cell  lung  cancer;  NSCLC)  is  still  the  leading  cause  of  cancer- 
related  deaths  in  the  United  States  [1].  Surgical  resection  is  the 
primary  choice  of  treatment,  followed  by  radiation  and/or 
chemotherapy  [2].  Metastatic  and  locally  advanced  disease  stages 
are  not  amenable  to  surgical  resection,  and  importantly,  a  majority 
of  patients  who  undergo  surgery  eventually  experience  relapse  [3— 
5].  Poor  response  rates  and  survival  with  current  treatments  clearly 
indicate  the  urgent  need  for  developing  an  effective  means  to  treat 
non-small  cell  lung  cancer. 

Magnetic  hyperthermia  is  a  novel  non-invasive  approach  for 
tumor  ablation  and  is  based  on  heat  generation  by  magnetic 
materials,  such  as  superparamagnetic  iron  oxide  (SPIO) 
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nanoparticles,  when  subjected  to  an  alternating  magnetic  field 
(AMF)  [6,7].  Depending  on  the  size  of  SPIO  nanoparticles  and  the 
frequency  of  AMF,  heat  is  generated  through  either  Neel  or 
Brownian  relaxation.  The  heat  generated  dissipates  over  short 
distances  due  to  the  high  thermal  conductivity  of  water  and  can, 
therefore,  be  used  for  highly  focused  heating  [8,9].  However, 
inadequate  delivery  of  magnetic  nanoparticles  to  tumor  cells  can 
result  in  sub-lethal  temperature  change  and  induction  of  resis¬ 
tance  [10].  Additionally,  non-targeted  delivery  of  these  particles 
to  the  healthy  tissues  can  result  in  heat  damage  to  normal 
tissues. 

In  our  studies,  we  developed  epidermal  growth  factor  receptor 
(EGFR)-targeted,  inhalable  SPIO  nanoparticles  for  magnetic  hyper¬ 
thermia  of  non-small  cell  lung  cancer  (NSCLC).  EGFR  over¬ 
expression  has  been  observed  in  as  many  as  70%  of  NSCLC  patients 
[11-13],  in  whom  EGFR  expression  is  elevated  in  epithelial  sites 
within  tumors  than  in  sites  adjacent  to  and  distant  from  tumors. 
We  examined  the  effect  of  EGFR  targeting  on  accumulation  and 
retention  of  inhaled  SPIO  nanoparticles  in  the  tumor  tissue  and  the 
effect  of  targeted  magnetic  hyperthermia  therapy  on  tumor  growth 
in  an  orthotopic  lung  tumor  model. 
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2.  Materials  and  methods 

2.1.  Materials 

Ferrous  chloride  tetrahydrate,  ferric  chloride  hexahydrate,  myristic  acid,  plur- 
onic  fl27,  ascorbic  acid,  potassium  hydroxide,  1,10  phenanthroline  and  sodium  ac¬ 
etate  were  purchased  from  Sigma  (St.  Louis,  MO).  Penicillin/streptomycin,  fetal 
bovine  serum,  RPMI  1640,  Dulbecco’s  phosphate  buffered  saline,  F-12K  (Kaighn’s 
modification)  and  trypsin— EDTA  solution  were  obtained  from  Invitrogen  Corpora¬ 
tion  (Carlsbad,  CA). 

2.2.  Synthesis  of  carboxy -terminated  pluronic  fl27  ( CTP) 

The  synthesis  of  CTP  involved  the  use  of  an  acid  anhydride,  which  is  highly 
susceptible  to  the  presence  of  moisture.  Hence,  all  the  solvents  used  in  the  reaction 
were  anhydrous  and  the  reaction  environment  was  maintained  as  dry  as  possible.  A 
mass  of  2  g  of  pluronic  fl27  was  dissolved  in  40  ml  of  anhydrous  tetrahydrofuran.  To 
the  solution,  100  mg  of  4-dimethylaminopyridine,  72  pi  of  triethylamine  and  800  mg 
of  succinic  anhydride  were  added,  and  the  flask  was  sealed  immediately.  The 
mixture  was  stirred  at  room  temperature  for  48  h  under  nitrogen  atmosphere.  After 
2  days,  the  volatile  solvent  was  removed  by  rotary  evaporation,  and  the  dry  residue 
was  dissolved  in  40  ml  of  carbon  tetrachloride.  The  undissolved,  unconjugated 
succinic  anhydride  was  removed  by  filtration.  The  remaining  polymer  solution  was 
concentrated  using  a  rotary  evaporator,  and  CTP  was  precipitated  by  drop-wise 
addition  of  the  solution  in  cold,  dry  diethyl  ether  [14].  The  residue  was  filtered, 
dried  in  a  vacuum  oven  at  40  °C  overnight  and  analyzed  by  proton  NMR.  The  final 
yield  of  CTP  was  1.74  g. 

Completion  of  the  reaction  was  confirmed  by  NMR.  Around  25  mg  of  CTP  was 
dissolved  in  750  pi  of  deuterated  water  and  analyzed  using  a  400  MHz  NMR.  The 
NMR  spectrum  of  unmodified  pluronic  fl27  was  also  obtained  for  comparison. 

2.3.  Conjugation  of  EGFR-targeting  peptide  or  the  isotype  scrambled  peptide  to  CTP 

A  mass  of  42  mg  of  CTP  was  dispersed  in  1.8  ml  deionized  water.  To  this  solution, 
10  mg  of  N-(3-Dimethyl  aminopropylj-N'-ethylcarbodiimide  hydrochloride  (EDC) 
and  14  mg  of  N-hydroxysulfosuccinimide  sodium  salt  (sulfo-NHS)  (each  dissolved  in 
100  pi  deionized  water)  were  added  and  then  stirred  for  15  min  at  room  tempera¬ 
ture.  The  pH  of  the  reaction  mixture  was  6—7.  The  excess  unreacted  EDC  was 
quenched  by  the  addition  of  [3-mercaptoethanol  at  a  final  concentration  of  130  mM. 
10  mg  of  either  the  EGFR- targeted  peptide  (YHWYGYTPQNVI)  or  the  scrambled 
peptide  (HWPYAHPTHPSW)  [15]  was  dissolved  in  200  pi  of  deionized  water  and 
added  to  the  reaction  mixture.  245  pi  of  10  x  PBS  was  added  to  buffer  the  reaction 
and  the  pH  was  maintained  around  7—8.  The  reaction  mixture  was  stirred  overnight 
at  room  temperature  [16].  The  solution  was  dialyzed  against  water  for  48  h  using  a 
3500  Da  molecular  weight  cutoff  Slide-a-lyzer®  dialysis  cassette,  and  the  final  so¬ 
lution  was  lyophilized  (Labconco,  FreeZone  4.5,  Kansas  City,  MO). 

Conjugation  of  the  peptides  to  CTP  was  confirmed  by  NMR.  Around  25  mg  of  the 
conjugate  was  dissolved  in  750  pi  of  deuterated  water  and  analyzed  by  a  400  MHz 
NMR.  NMR  spectra  of  the  free  peptides  were  used  for  identification  of  the  reso¬ 
nances  corresponding  to  the  peptide. 

2.4.  Synthesis  of  water- dispersible  SP10  nanoparticles 

SPIO  nanoparticles  were  synthesized  from  iron  chlorides  by  the  addition  of  a 
strong  base,  followed  by  coating  with  a  fatty  acid  to  prevent  oxidation  and  then  with 
a  surfactant  to  form  a  stable  aqueous  dispersion  [17].  Specifically,  0.82  g  of  ferric 
chloride  hexahydrate  and  0.33  g  of  ferrous  chloride  tetrahydrate  were  dissolved  in 
30  ml  of  degassed  and  nitrogen-purged  water,  and  3  ml  of  5  m  ammonium  hydroxide 
was  added  drop-wise  to  this  solution,  which  was  then  stirred  for  30  min.  The 
resulting  iron  oxide  nanoparticles  were  washed  three  times  with  nitrogen-purged 
water,  sonicated  in  a  water-bath  sonicator  for  2  min,  and  then  heated  to  80  °C. 
About  100  mg  of  myristic  acid  was  added  to  the  heated  mixture  and  stirred  for 
another  30  min.  Excess  myristic  acid  was  removed  by  two  washes  with  ethanol, 
followed  by  two  additional  washes  with  water  to  remove  excess  ethanol.  Each  wash 
was  followed  by  magnetic  separation  of  nanoparticles.  Myristic  acid  coated  particles 
were  then  suspended  in  30  ml  water  using  a  water-bath  sonicator.  Targeted  or 
scrambled  peptide  conjugated  pluronic,  equivalent  to  5%  surface  coverage  of  the 
peptide  (5.5  mg  and  11.7  mg  of  targeted  and  scrambled  peptides,  respectively),  was 
mixed  with  pluronic  fl27  to  yield  a  total  mass  of  100  mg,  which  was  then  added  to 
the  suspension  and  sonicated  in  a  bath  sonicator  for  1  h.  Every  step  of  the  synthesis 
was  conducted  carefully  to  minimize  exposure  to  atmospheric  oxygen. 

2.5.  Characterization  of  SPIO  nanoparticles 

The  average  hydrodynamic  diameter  of  SPIO  nanoparticles  was  determined  by 
dynamic  light  scattering.  About  1  mg  of  SPIO  nanoparticles  was  dispersed  in  2  ml  of 
deionized  water  by  sonication  and  the  dispersion  was  subjected  to  particle  size 
analysis  using  a  Delsa™  Nano  C  Particle  Analyzer  (Beckman,  Brea,  CA).  The  mea¬ 
surement  was  performed  at  25  °C  and  at  a  165°  scattering  angle.  Mean 


hydrodynamic  diameter  was  calculated  based  on  size  distribution  by  weight, 
assuming  a  lognormal  distribution.  Five  individual  size  measurement  runs  were 
performed,  with  each  run  recording  150  size  events. 

The  iron  content  of  the  SPIO  nanoparticles  was  measured  using  the  1,10 
phenanthroline-based  iron  assay  [18].  SPIO  nanoparticles  were  first  dissolved  in 
12  N  hydrochloric  acid.  The  solution  was  then  diluted  with  distilled  water  to  obtain  a 
final  acid  concentration  of  0.2  N.  To  the  acid  solution  of  SPIO  nanoparticles,  10  mg/ml 
ascorbic  acid,  1.2  mg/ml  1,10  phenanthroline,  22.4  mg/ml  potassium  hydroxide  and 
123  mg/ml  sodium  acetate  were  added  in  a  volume  ratio  of  1 :1 :1 :1 :5.  Absorbance  of 
the  resultant  solution  was  measured  at  490  nm  using  a  microplate  reader  (ELx800 
absorbance  microplate  reader,  Biotek,  Winooski,  VT).  Ferric  chloride  (hexahydrate) 
solution  in  0.2  N  hydrochloric  acid  was  used  as  a  standard. 

2.6.  Magnetic  heating  rate 

SPIO  nanoparticles  were  dispersed  in  1  ml  of  Hank’s  F-12K  medium  in 
10  mm  x  75  mm  disposable  borosilicate  glass  cell  culture  tubes.  Magnetic  heating 
was  performed  using  an  induction  heating  system  (1  kW  Hotshot,  Ameritherm  Inc., 
Scottsville,  NY)  by  placing  the  suspension  at  the  center  of  a  multiturn  copper  coil 
that  generated  AMF  (nominal  magnetic  field  strength  of  6  kA/m  and  frequency  of 
386  kHz).  The  temperature  change  was  measured  using  a  fluoroptic®  probe 
(Lumasense  Technologies,  Santa  Clara,  CA)  at  five  second  intervals.  Samples  were 
equilibrated  to  37  °C  using  a  water-bath  before  exposure  to  the  field. 

2.7.  Aerosol  generation  and  characterization 

Aerosolization  of  SPIO  nanoparticles  was  achieved  by  ultrasonic  atomization 
[19].  A  Pyrex  glass  baffle  was  constructed  in-house  and  placed  in  a  water-bath, 
directly  over  a  1.7  MHz  ultrasonic  transducer  [20].  About  13  ml  of  SPIO  nanoparticle 
dispersion  in  40%  ethanol,  containing  8  mg  magnetite  per  milliliter  was  loaded  into 
the  baffle.  Compressed  air  directed  into  the  baffle  at  a  flow  rate  of  0.5  L/min  (as 
measured  by  an  inline  flow  meter)  entrained  the  aerosol  droplets  containing  the 
SPIO  nanoparticle  dispersion  and  carried  the  particles  into  a  subsequent  drying 
assembly.  The  iron  oxide  output  in  the  aerosol  was  measured  by  collecting  the 
aerosolized  and  dried  SPIO  particles  for  a  predetermined  period  of  time  on  What¬ 
man  quartz  microfiber  filters  suitable  for  air  sampling  [21  ].  The  filters  were  assayed 
using  the  above  procedure  and  the  iron  oxide  output  rate  was  calculated  as  iron 
oxide  amount  collected  per  unit  time. 

The  aerosol  particle  size  distribution  was  determined  with  a  Mercer  style  seven- 
stage  Intox  cascade  impactor  operating  at  a  sample  flow  rate  of  0.5  L/min.  The 
aerosol  generated  was  passed  through  a  heated  drying  column  before  passing 
through  the  cascade  impactor.  Aerosol  particles  deposited  at  each  stage  of  the 
cascade  impactor  were  collected  and  analyzed  by  iron  assay  to  obtain  the  particle 
size  distribution.  The  mass  median  aerodynamic  diameter  (MMAD)  and  associated 
geometric  standard  deviation  (GSD)  were  calculated  from  linear  regression  of  anX- 
probability  plot  of  the  cumulative  undersized  mass  as  a  function  of  logarithm  of  the 
impactor  stage  cutoff  diameter  using  OriginPro  8  software  (OriginLab  Corporation, 
Northampton,  MA)  [21]. 

2.8.  Cell  culture  studies 

A549  (human  lung  adenocarcinoma)  and  A549-luc  (luciferase-transfected 
A549)  cells  were  used  in  the  study.  Both  cell  lines  were  propagated  using  F-12K 
medium  supplemented  with  10%  fetal  bovine  serum  (FBS)  and  1%  antibiotic  solution 
and  maintained  at  37  °C  and  in  5%  carbon  dioxide. 

2.8.1.  Demonstration  of  role  of  EGFR  in  tumor  cell  uptake  of  functionalized 
nanoparticles 

A549  cells  were  plated  in  a  6-well  plate  4  h  before  the  start  of  the  study.  Cells 
were  washed  with  phosphate  buffered  saline  (PBS)  to  remove  non-adherent  cells 
and  1  mg  (magnetite  equivalent)  of  targeted  SPIO  particles,  scrambled  peptide- 
conjugated  particles,  particles  without  any  peptide,  or  targeted  particles  with 
excess  free  targeting  peptide  were  added  to  the  cells  in  a  total  volume  of  2  ml  of  cell 
culture  medium  containing  5%  FBS.  The  plates  were  incubated  on  ice  for  30  min, 
washed  thrice  with  PBS  and  incubated  at  37  °C  for  an  additional  45  min.  At  the  end 
of  the  incubation,  cells  were  lysed  with  400  pi  of  RIPA  buffer  and  assayed  for  total 
cell  protein  content  and  iron  content  [18]  (by  iron  assay  procedure  described  before). 

To  evaluate  EGFR  targeting  on  the  effectiveness  of  magnetic  hyperthermia, 
plated  A549  cells  were  incubated  with  targeted  or  non-targeted  particles  for  30  min 
at  4  °C,  washed  three  times  with  PBS,  incubated  at  37  °C  for  45  min  and  then 
subjected  to  AMF  (6  kA/m  at  386  kHz  frequency).  Following  AMF  exposure,  10  pM 
propidium  iodide  was  added  to  the  cells  and  observed  under  a  fluorescent  micro¬ 
scope  immediately  and  at  24  h  after  AMF  exposure. 

2.9.  Orthotopic  lung  tumor  model 

All  animal  studies  were  carried  out  in  compliance  with  protocol  approved  by  the 
Institutional  Animal  Care  and  Use  Committee  at  the  University  of  Minnesota.  Female 
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Fox  Chase  SCID®  Beige  mice  (CB17.Cg-Pr/<dcsndLystb^/Crl)  4-5  weeks  of  age,  were 
obtained  from  Charles  River  Laboratories. 

A  mouse  orthotopic  lung  tumor  model  [22]  was  used  in  the  studies.  Lung  tumor 
cells  that  have  been  stably  transfected  with  firefly  luciferase  were  used  to  facilitate 
the  visualization  of  tumor  cells  in  live  animals  using  bioluminescence  imaging. 
A549-luc-C8  Bioware®  Cell  Line  (Caliper  Lifesciences)  is  a  luciferase  expressing  cell 
line  derived  from  A549  human  lung  squamous  carcinoma  cells  by  stable  transfection 
of  the  North  American  Firefly  Luciferase  gene  expressed  from  the  CMV  promoter. 
Intravenous  injection  of  1  x  106  A549-luc-C8  cells  led  to  detectable  increase  in 
bioluminescence  in  the  lungs  by  2  weeks. 

2.20.  Lung  delivery  ofSPIO  nanoparticles 

2.10.1.  Tracheal  instillation 

The  mice  were  anesthetized  and  placed  on  a  rodent  intubation  stand,  supported  by 
their  incisors.  The  tongue  was  rolled  out  using  a  sterile  cotton  swab  and  held  between 
the  fingers.  A  fiber-optic  light  and  stylus  (BioLite,  BioTex,  Inc.,  TX)  connected  to  an 
endotracheal  tube  was  used  to  visualize  the  tracheal  opening  and  to  carefully  insert  the 
attached  endotracheal  tube  into  the  trachea.  An  inflation  bulb  was  used  to  confirm  the 
proper  insertion  of  the  endotracheal  tube  by  monitoring  the  inflation  of  the  thoracic 
region  on  gently  pushing  in  air  through  the  tube.  Targeted  or  non-targeted  SPIO  par¬ 
ticles  (50  pi,  10  mg/ml  iron  oxide  equivalent)  were  instilled  through  the  endotracheal 
tube.  The  mice  were  kept  upright  for  a  minute  to  prevent  back-flow  of  the  liquid  and 
then  placed  on  a  heating  pad  to  assist  in  faster  recovery  from  anesthesia  [23]. 

2.10.2.  Inhalation 

The  aerosol  was  generated  as  described  above,  but  the  dried  SPIO  aerosols  were 
directed  through  the  drying  assembly  into  an  animal  chamber,  which  comprised  a  4- 
port  double-walled  chamber.  The  dried  aerosol  stream  entered  the  top  inlet  into  a 
stirred  chamber.  The  animals  were  placed  into  each  port  with  their  nose  exposed  to 
the  aerosol  stream  in  the  stirred  chamber.  The  exhaust  tube  was  connected  to  the 
space  between  the  two  walls,  thus  ensuring  that  the  mice  underwent  a  “nose-only” 
exposure  for  30  min.  Filter  collections  were  made  three  times  both  before  and  after 
the  exposure  to  measure  the  aerosol  output.  The  aerosol  stream  was  also  passed 
through  a  seven-stage  Intox  cascade  impactor  before  each  exposure  to  determine 
the  aerosol  particle  size  distribution  (MMAD  and  GSD)  [21]. 

2.11.  Distribution  ofSPIO  nanoparticles  following  instillation  and  inhalation  delivery 

Targeted  or  scrambled  peptide  conjugated  SPIO  nanoparticles  were  adminis¬ 
tered  to  tumor-bearing  animals  (n  =  6  per  time  point  per  group)  by  the  two  routes  of 
administration  described  above.  The  animals  were  euthanized  at  1  h,  1  day  or  1  week 
after  SPIO  administration.  The  lungs,  liver,  spleen,  kidney,  heart,  stomach  and  blood 
were  collected  to  analyze  the  distribution  of  SPIO  particles.  Additionally,  lungs  of 
treated  animals  were  also  sectioned,  stained  with  hematoxylin  and  eosin  (H&E 
staining)  and  Prussian  blue  (for  iron)  [24]  and  imaged  after  the  last  time  point  to 
visualize  the  distribution  of  SPIO  particles.  Basal  level  of  iron  in  each  organ  was 
determined  in  six  healthy  mice  and  subtracted  from  the  assayed  iron  content  in  the 
treatment  groups.  The  difference  was  used  to  determine  the  contribution  of  SPIO 
nanoparticle  administration  to  tissue  iron  concentrations. 

2.12.  In  vivo  efficacy  of  targeted  magnetic  hyperthermia  after  inhalation  delivery  of 
SPIO  nanoparticles 

Fox  Chase  SCID®  Beige  mice  were  injected  with  A549-luc  cells  intravenously  to 
facilitate  the  development  of  tumors  in  the  lungs.  Once  the  lung  bioluminescence 
reached  about  0.5  x  106  photons/s,  animals  were  administered  SPIO  nanoparticles 
by  inhalation.  After  7  days,  some  of  the  treated  animals  were  subjected  to  30  min  of 
magnetic  hyperthermia.  Untreated  animals  and  animals  receiving  the  particles 
without  exposure  to  AMF  served  as  controls.  Lung  bioluminescence  was  monitored 
three  times  weekly  for  4  weeks.  At  the  end  of  the  study,  animals  were  euthanized, 
and  the  lungs  and  trachea  were  removed  and  weighed.  Assuming  little  variability 
between  the  lung  weights  of  individual  mice,  the  differences  in  lung  weights  were 
attributed  to  the  variable  mass  of  lung  tumors. 

2.13.  Statistical  analysis 

Statistical  analyses  were  performed  using  one-way  ANOVA,  followed  by  Bon- 
ferroni— Holm  method  for  comparison  between  individual  groups.  A  probability 
level  of  P  <  0.05  was  considered  significant. 

3.  Results 

3.1.  Characterization  ofinhalable  SPIO  nanoparticles 

Conversion  of  the  hydroxyl  end  group  of  pluronic  fl27  into  a 
carboxyl  group  was  confirmed  using  NMR  spectroscopy  and  the 


conversion  efficiency  was  almost  100%  (Fig.  la  and  b).  Presence  of 
targeted  or  scrambled  peptides  could  be  detected  in  the  NMR 
spectra  of  the  modified  polymer  (Fig.  lc-f).  The  conjugation  effi¬ 
ciency  of  EGFR-targeted  peptide  and  scrambled  peptide  to  CTP  was 
90.4  ±  10.5%  and  42.8  ±  4.6%  respectively.  SPIO  nanoparticles  were 
composed  of  74  ±  2%  w/w  iron  oxide,  coated  with  10  ±  3%  w/w 
myristic  acid,  and  stabilized  by  16  ±  2%  w/w  pluronic  fl27.  The 
hydrodynamic  diameter  of  unconjugated  (pluronic  COOH  termi¬ 
nated)  SPIO  nanoparticles  was  309  ±  24  nm  while  that  of  targeted 
peptide  and  scrambled  peptide-conjugated  particles  was 
369  ±  34  nm  and  365  ±  45  nm,  respectively.  The  heating  rate  of 
SPIO  nanoparticles  was  concentration-dependent,  and  was  similar 
for  both  targeted  and  non-targeted  SPIO  nanoparticles  (Fig.  lg). 

3.2.  In  vitro  cell  uptake  and  cell  kill  efficiency  of  targeted  SPIO 
nanoparticles 

Non-specific  uptake  of  SPIO  nanoparticles  in  A549  cells  was 
determined  as  a  function  of  time  of  incubation,  concentration  of 
serum  in  the  culture  medium  and  the  incubation  temperature. 
From  these  studies,  an  incubation  time  of  30  min  and  low  serum 
concentration  were  found  to  be  optimal  for  minimizing  the  non¬ 
specific  uptake  of  SPIO  nanoparticles.  Using  these  optimized  pa¬ 
rameters,  an  in  vitro  study  was  performed  to  determine  the  effect  of 
EGFR  targeting  on  cellular  uptake  of  SPIO  nanoparticles.  Nano¬ 
particle  uptake  into  cells  was  4.5-fold  higher  for  the  EGFR-targeted 
formulation  than  that  for  the  non-targeted  control.  Conjugation  of 
scrambled  peptide  did  not  result  in  enhancement  of  particle  uptake 
into  cells,  and  the  presence  of  excess  targeting  ligand  decreased  the 
cellular  uptake  of  targeted  nanoparticles,  showing  the  specific  role 
of  EGFR  in  tumor  cell  uptake  of  targeted  nanoparticles  (Fig.  2a). 
Some  of  the  experimental  conditions  (low  serum,  initial  4  °C,  low 
incubation  time)  used  in  this  assay  are  not  representative  of 
physiological  conditions.  Flowever,  the  goal  here  was  to  demon¬ 
strate  that  targeted  particles  bind  to  the  tumor  cells  to  a  higher 
extent  relative  to  non-targeted  particles.  The  parameters  used  here 
facilitated  binding  of  particles  to  cells  while  minimizing  non¬ 
specific  uptake. 

To  determine  the  effect  of  EGFR  targeting  on  the  effectiveness  of 
magnetic  hyperthermia,  plated  A549  cells  were  incubated  with 
targeted  or  non-targeted  SPIO  nanoparticles,  washed  and  subjected 
to  AMF.  Enhanced  cellular  accumulation  of  EGFR-targeted  SPIO 
nanoparticles  could  be  visualized  under  the  microscope  as  dark 
spots  on  the  cells  (Fig.  2e  and  f).  Magnetic  hyperthermia  with  tar¬ 
geted  nanoparticles  resulted  in  greater  number  of  cells  taking  up 
propidium  iodide,  indicating  enhanced  cell  death  with  targeted 
SPIO  nanoparticles  (Fig.  2b— f). 

3.3.  In  vivo  lung  deposition  and  retention  after  inhalation  delivery 

Ultrasonic  atomization  of  SPIO  nanoparticle  dispersions  resul¬ 
ted  in  aerosols  with  a  MMAD  of  1.1  ±  0.1  pm  and  GSD  of  1.9  ±  0.1 
(Supp.  Inf.  1).  The  iron  oxide  output  rate  was  determined  to  be 
270  ±  70  pg/min.  The  high  iron  oxide  output  and  the  MMAD  size 
range  point  to  the  possibility  of  a  high  deposition  of  these  aerosol 
particles  in  the  mouse  lung  even  with  a  relatively  short  exposure 
time. 

Following  aerosol  exposure,  iron  oxide  concentration  in  the 
lungs  at  1  h  (Fig.  3a)  was  similar  for  targeted  and  non-targeted  SPIO 
nanoparticles  in  tumor-bearing  lungs  as  well  as  for  blank  SPIO 
particles  in  healthy  lungs,  showing  that  the  presence  of  tumor  did 
not  affect  the  total  deposition  of  particles.  It  also  suggested  that 
targeting  does  not  affect  the  lung  concentration  immediately  after 
the  administration  of  particles.  However,  1  week  following  inha¬ 
lation,  the  lung  concentration  of  non-targeted  particles  decreased 
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Fig.  1.  SPIO  NP  formulation  and  characterization,  (a-f)  NMR  spectra  of  modified  pluronic  fl27.  (a)  Pluronic  fl27  has  a  characteristic  NMR  peak  at  1.02  ppm  and  multiple  peaks 
between  3  and  4  ppm.  (b)  Conjugation  of  carboxy  end  group  can  be  detected  by  the  appearance  of  new  peaks  at  2.6  and  around  4.2  ppm  (solid  box).  NMR  spectrum  of  (e)  EGFR- 
targeting  peptide  is  different  from  (c)  scrambled  peptide  with  the  most  visible  difference  between  6  and  9  ppm.  Peptide  conjugation  to  the  carboxy-terminated  pluronic  (CTP)  can 
be  verified  from  the  presence  of  both  carboxy  modification  peaks  (solid  box)  and  (f)  EGFR-targeting  peptide  (dotted  box)  or  (d)  scrambled  peptide  (dashed  box)  peaks,  (g)  Heating 
rates  of  targeted  and  non-targeted  SPIO  nanoparticles.  SPIO  nanoparticle  dispersions  were  placed  in  an  alternating  magnetic  field  of  6  kA/m  and  operating  at  a  frequency  of 
386  kHz.  The  initial  temperature  was  equilibrated  to  37  °C,  and  the  temperature  of  SPIO  NP  dispersion  was  measured  at  10  s  intervals  using  a  fluoroptic  probe. 


while  the  level  of  targeted  particles  was  almost  constant,  demon¬ 
strating  the  effectiveness  of  EGFR  targeting  in  improving  particle 
retention  within  tumor-bearing  lungs. 

Inhalation  delivery  resulted  in  a  homogenous  distribution  of 
SPIO  nanoparticles  throughout  the  lung  (Fig.  3b  and  c).  One  week 
after  inhalation,  a  significantly  higher  amount  of  Prussian  blue 
staining  was  observed  in  the  mice  that  received  targeted  particles 
compared  to  those  that  received  non-targeted  particles.  In  the 
former,  the  staining  was  observed  in  and  around  tumor  cells 
(Fig.  3d  and  e),  with  near  complete  absence  of  particles  from  the 
healthy  parts  of  the  lung.  In  contrast,  the  latter  group  did  not 
display  much  staining  in  either  the  tumor  or  the  healthy  regions  of 
the  lung  (not  shown). 


3.4.  Biodistribution  of  SPIO  nanoparticles  after  high  dose 
instillation  into  lungs 

To  study  the  effect  of  elevated  lung  dose  of  SPIO  nanoparticles 
on  the  overall  body  distribution,  we  used  tracheal  instillation. 
Unlike  inhalation  delivery,  which  restricts  the  dose  deposited  in 
mouse  lungs  to  72.5  ±  14.1  pg  of  magnetite,  tracheal  instillation 
allows  for  a  higher  dose  (386  ±  95  pg  of  magnetite)  to  be  delivered. 

Following  instillation,  SPIO  particles  were  mostly  observed  in 
the  lungs  after  1  h,  although  some  particles  were  also  present  in  the 
stomach,  due  to  the  mucociliary  clearance  from  the  lung.  There  was 
no  significant  difference  between  the  levels  of  targeted  and  non- 
targeted  particles  in  the  different  organs  1  h  or  1  day  after 
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Fig.  2.  In  vitro  cell  uptake  (a)  and  cell  kill  efficacy  (b-f)  of  EGFR-targeted  SPIO  nanoparticles,  (a)  SPIO  nanoparticles  bearing  EGFR-targeting  peptide,  scrambled  peptide  or  no 
peptide  on  the  surface  were  incubated  with  A549  cells  at  4  °C  for  30  min,  washed  with  PBS  and  further  incubated  at  37  °C  for  45  min.  The  specific  role  of  EGFR  in  enhanced 
accumulation  was  determined  by  adding  excess  EGFR-targeting  peptide  to  competitively  inhibit  the  binding  of  targeted  SPIO  nanoparticles.  Iron  content  of  the  lysed  cells  was  used 
to  calculate  the  cellular  uptake  of  SPIO  nanoparticles,  n  =  3.  *P  <  0.05  compared  to  other  controls,  (b-f)  A549  cells  were  incubated  with  (b)  culture  medium,  (c  and  d)  non-targeted 
or  (e  and  f)  targeted  SPIO  nanoparticles  and  subjected  to  magnetic  hyperthermia  (MH)  for  30  min  (d  and  f).  PI  was  added  immediately  before  MH  treatment.  The  top  panel  shows 
the  phase  contrast  microscopic  images,  while  the  bottom  panel  shows  the  corresponding  fluorescent  microscopic  images  of  PI  positive  cells. 


instillation.  The  concentration  of  both  particles  in  blood  and  other 
organs  (except  lung)  decreased  1  week  after  instillation  compared 
to  1  h  or  1  day  time  points  (Fig.  4a  and  b).  On  the  contrary,  while  the 
lung  concentration  of  non-targeted  particles  decreased  over  the 
period  of  1  week,  the  level  of  targeted  particles  was  fairly  constant 
over  1  week.  The  final  concentration  of  targeted  particles  was 
significantly  higher  (60%)  than  non-targeted  particles  1-week  post¬ 
instillation  (Fig.  4c).  In  contrast  to  the  high  lung  concentration,  the 
amount  of  iron  in  the  other  tissues  was  virtually  unchanged 
throughout  the  duration  of  the  study  and  was  not  considerably 
different  from  the  basal  level  of  iron  in  the  tissues  of  untreated 
animals  (Fig.  4d).  This  data  suggested  that  pulmonary  delivery  of 


targeted  SPIO  nanoparticles  can  circumvent  non-specific  distribu¬ 
tion  into  organs  such  as  liver  and  spleen,  which  commonly  receive 
the  highest  dose  of  intravenously  administered  therapeutics  [25]. 

While  both  instillation  and  inhalation  resulted  in  a  significant 
increase  in  lung  concentration  of  particles  with  EGFR  targeting,  the 
absolute  amount  of  SPIO  particles  in  the  two  cases  were  different. 
The  lung  iron  content  after  instillation  was  4.5— 5-fold  higher  than 
that  after  inhalation  (400  vs  80  pg  for  EGFR-targeted  SPIO  nano¬ 
particles,  Figs.  3  and  4).  This  is  likely  due  to  the  higher  dose  of 
particles  delivered  to  the  lung  through  instillation.  However, 
aerosol  delivery  is  a  more  convenient  route  of  administration  in 
humans  than  instillation.  Additionally,  inhalation  resulted  in  a 
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Fig.  3.  (a)  In  vivo  lung  deposition  and  retention  of  SPIO  nanoparticles  after  inhalation  delivery.  Healthy  mice  or  those  bearing  orthotopic  A549  tumors  were  allowed  to  inhale 
targeted  or  non-targeted  SPIO  nanoparticles  for  30  min.  Animals  were  euthanized  1  h  or  1  week  after  inhalation  delivery  and  the  lungs  were  assayed  for  iron  content  (n  =  4; 
*P  <  0.01  compared  to  non-targeted  group  at  1  week  after  inhalation),  (b  and  c)  Distribution  of  SPIO  nanoparticles  in  mouse  lung  after  inhalation.  One  hour  after  inhalation  of 
SPIO  nanoparticles,  animals  were  euthanized,  lungs  were  collected,  sectioned  and  stained  with  Prussian  blue.  Due  to  the  difficulty  in  visualizing  Prussian  blue  staining  of  the  entire 
mouse  lung  (b),  an  image  processing  software  (Image  Pro  Plus)  was  used  to  pseudo-color  the  Prussian  blue  stain  white  against  a  black  background  (c).  (d  and  e)  Prussian  blue 
staining  of  lung  tumor  section  after  SPIO  nanoparticle  inhalation.  One  week  after  inhalation  of  targeted  (d)  or  non-targeted  SPIO  nanoparticles  (e),  mice  were  euthanized,  lungs 
were  collected,  sectioned  and  stained  with  Prussian  blue.  The  sections  show  the  presence  of  SPIO  nanoparticles  in  tumor  nodules  (marked  by  red  ovals)  in  EGFR-targeted  group 
(lOOx  magnification). 


more  even  distribution  of  the  SPIO  nanoparticles  throughout  the 
lungs  at  the  time  of  administration  (Fig.  3a)  compared  to  instilla¬ 
tion,  where  most  of  the  instilled  dose  resided  near  the  major  air¬ 
ways,  with  almost  no  particles  reaching  the  periphery  (Supp.  Inf.  2). 

3.5.  In  vivo  efficacy  after  inhalation 

Magnetic  hyperthermia  using  non-targeted  SPIO  particles 
resulted  in  an  insignificant  decrease  in  lung  tumor  biolumines¬ 
cence  (P  >  0.05)  relative  to  that  in  animals  that  received  the  same 
particles  but  were  not  exposed  to  AMF.  Targeted  SPIO  nanoparticles 
mediated  hyperthermia  showed  significantly  lower  lung  tumor 
bioluminescence  (P  <  0.05)  (Fig.  5a).  The  lung  weights  at  the  end  of 
the  study  agreed  with  the  bioluminescence  data;  magnetic 


hyperthermia  with  targeted  particles  resulted  in  a  significantly 
lower  final  lung  weight  compared  to  the  other  groups  (Fig.  5b). 

These  in  vivo  results  thus  confirm  that  EGFR  targeting  enhances 
the  tumor  concentration  of  SPIO  nanoparticles,  which  translated 
into  more  effective  tumor  cell  kill.  In  addition,  the  treated  mice 
showed  no  signs  of  distress  over  the  duration  of  the  study  (30  days 
after  magnetic  hyperthermia  treatment),  suggesting  that  this  pro¬ 
cedure  does  not  result  in  acute  systemic  toxicity  or  damage  to 
healthy  lung  tissue.  Additionally,  the  dose  of  particles  that  could  be 
delivered  to  the  tumor  by  inhalation  was  limited  by  the  small  lung 
volume  and  the  obligate  nose-breathing  of  mice  [26].  A  similar 
approach  can  be  expected  to  be  more  effective  in  humans,  because 
a  higher  deposition  can  be  achieved  with  inhalation  through  the 
oral  cavity  and  control  of  the  respiration. 
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Fig.  4.  (a-c)  Iron  content  in  different  tissues  after  SPIO  nanoparticle  instillation.  Iron  content  in  (a)  blood,  (b)  liver  and  (c)  lung  after  1  h,  1  day  or  1  week  after  instillation  of 
targeted  or  non-targeted  SPIO  nanoparticles.  Iron  concentration  remained  elevated  in  blood  and  liver  for  24  h  after  instillation  and  decreased  after  a  week.  There  was  no  significant 
effect  of  targeting  on  the  iron  levels  in  blood  and  liver  (n  =  4).  In  contrast,  EGFR  targeting  enhanced  lung  retention  of  SPIO  nanoparticles  over  a  week  (n  =  4;  *P  <  0.05  compared  to 
non-targeted  group  at  1  week  after  instillation),  (d)  Distribution  of  SPIO  nanoparticles  1  week  post-instillation.  Iron  content  in  lungs,  heart,  spleen,  kidneys,  liver,  stomach  and 
blood  are  shown  as  a  percent  of  instilled  dose.  Overall  levels  of  iron  in  the  organs  were  low  except  for  the  lungs  (n  =  4;  *P  <  0.05  compared  to  non-targeted  group  at  1  week  after 
instillation). 


4.  Discussion 

Magnetic  hyperthermia,  which  involves  the  use  of  super- 
paramagnetic  substances  to  generate  heat  through  application  of 
an  external  AMF,  is  a  non-invasive  approach  for  lung  tumor  abla¬ 
tion.  The  relatively  inert  nature  of  the  magnetic  substances  in  the 
absence  of  magnetic  field  and  their  efficacy  in  the  presence  of  AMF 
make  this  technique  highly  suitable  for  achieving  an  on-demand 
response.  Magnetic  hyperthermia  is  particularly  suitable  for  the 
treatment  of  lung  cancer  since  unlike  the  abdomen,  the  thoracic 
region,  where  the  external  AMF  can  be  easily  focused,  is  only 
inhabited  by  the  lungs  and  the  heart.  Additionally,  lungs  are  filled 
with  air,  which  act  as  a  poor  conductor  of  heat.  Thus,  the  heat 
generated  by  the  particles  in  the  lungs  is  less  likely  to  affect  the 
surrounding  organs  such  as  the  heart.  Finally,  studies  have  shown 
that  normal,  non-malignant  cells  are  more  resilient  to  heat  damage 
than  tumor  cells  [27],  thereby  minimizing  the  chances  of  damage  to 
healthy  lung  tissue.  Recent  reports  have  suggested  that  magnetic 
hyperthermia  is  effective  in  murine  subcutaneous  lung  tumor 
models  [28,29].  However,  in  spite  of  the  promise  of  a  highly 
effective  treatment  option,  no  studies  have  so  far  assessed  the 
effectiveness  of  magnetic  hyperthermia  in  an  orthotopic  lung  tu¬ 
mor  model. 

Although  the  lung  is  a  highly  perfused  organ,  intravenous  de¬ 
livery  of  anticancer  therapeutics  targeted  to  the  lung  results  in 
broad,  non-specific  distribution  of  the  therapeutic  agents  to  normal 
organs,  resulting  in  severe  systemic  side  effects  [30].  While  many 


solid  tumors  are  not  amenable  to  local  delivery,  lung  tumors  of  the 
epithelial  origin  can  potentially  be  accessed  by  inhalation  route. 
This  allows  for  maximizing  the  concentration  of  the  therapeutic 
agent  in  the  target  organ,  i.e.,  the  lungs,  while  minimizing  exposure 
to  other  normal  organs.  Lung  clearance  of  particulates  into  systemic 
circulation  is  primarily  attributed  to  the  alveolar  macrophages, 
which  leads  to  a  lower  blood  concentration  of  the  therapeutics  than 
through  intravenous  administration.  Several  reports  have  shown 
that  pulmonary  delivery  improves  retention  of  therapeutic  agents 
in  the  lungs  while  limiting  their  concentration  in  the  blood  thereby 
reducing  their  levels  in  the  healthy  organs  [25,31].  Our  studies 
show  that  lung  delivery  through  either  instillation  or  inhalation 
results  in  therapeutically  effective  concentrations  of  SPIO  nano¬ 
particles  in  lungs  with  minimal  exposure  to  other  organs.  An  hour 
after  instillation  of  SPIO  nanoparticles,  the  average  lung  concen¬ 
tration  of  iron  oxide  was  1.2  mg/g  of  tissue.  In  contrast,  the  average 
liver  and  blood  concentration  were  130  pg/g  and  27  pg/g  of  tissue, 
respectively.  The  other  organs  including  spleen,  kidney  and  heart 
contained  less  than  2%  of  the  instilled  dose.  This  demonstrates  that 
inhalation  delivery  is  an  effective  means  to  enhance  local  concen¬ 
tration  of  therapeutics  into  the  lungs. 

It  was  interesting  to  note  that  the  iron  concentration  in  blood 
was  high  at  1  h  and  1  day,  but  then  decreased  at  7  days  after 
tracheal  instillation.  There  are  two  possible  explanations  for  this 
observed  result.  First,  despite  careful  dosing  into  the  trachea,  a  part 
of  the  instilled  dose  could  get  regurgitated  and  swallowed  by  the 
animals.  The  SPIO  particles  in  the  stomach  can  dissolve  in  the 
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Fig.  5.  Effect  of  targeted  magnetic  hyperthermia  on  lung  tumor  growth.  Orthotopic 
lung  tumor-bearing  mice  were  allowed  to  inhale  targeted  or  non-targeted  SPIO 
nanoparticles.  After  1  week,  6  animals  from  each  group  were  subjected  to  magnetic 
hyperthermia  (MH)  for  30  min.  (a)  Lung  tumor  bioluminescence  was  monitored  over  a 
period  of  1  month.  Data  shown  as  mean  ±  SD  (n  =  6;  *P  <  0.05  compared  to  saline- 
treated  and  unheated  controls),  (b)  Lungs  were  collected  at  the  end  of  the  efficacy 
study  (1  month  after  magnetic  hyperthermia)  and  weighed.  Data  shown  as  mean  ±  SD 
(n  =  6;  *P  <  0.05  compared  to  unheated  control). 


highly  acidic  gastric  pH  to  form  soluble  iron  salts,  which  are  then 
absorbed  into  the  blood  stream.  This  will  lead  to  high  initial  iron 
content  in  the  blood.  This  soluble  iron  can  be  cleared  from  blood 
relatively  easily,  resulting  in  a  decrease  in  the  iron  levels  after  a 
week.  Second,  immediately  after  instillation,  SPIO  nanoparticles  in 
the  lung  are  free  and  can  be  absorbed  into  the  blood  stream. 
However,  at  later  time  points,  particles  are  likely  internalized  into 
the  tumor  cells  (and/or  macrophages)  and  hence  not  readily 
available  for  absorption.  This  would  also  result  in  high  initial  iron 
concentration  in  the  blood,  followed  by  a  drop  at  later  times. 

Following  inhalation  delivery,  it  is  expected  that  nanoparticles 
would  be  distributed  to  both  the  malignant  and  healthy  regions  of 
the  lungs.  The  presence  of  targeting  ligand  on  the  surface  is  ex¬ 
pected  to  enable  nanoparticles  to  bind  to  the  tumor  cells,  allowing 
for  greater  retention  in  the  tumor  tissue.  Thus,  greater  retention 
within  the  tumor  tissue  and  clearance  from  normal  tissue  are 
expected  to  eventually  result  in  relatively  higher  levels  of  nano¬ 
particles  in  the  tumor.  Application  of  AMF  during  this  window 
would  allow  for  tumor-specific  induction  of  hyperthermia.  In  our 
studies,  tumor  cell  specificity  was  achieved  by  targeting  SPIO 
nanoparticles  to  EGFR,  which  is  overexpressed  in  NSCLC  tumors 
[11—13].  Monoclonal  antibodies  against  EGFR  (cetuximab)  and 
EGFR  tyrosine  kinase  inhibitors  are  clinically  used  for  lung  cancer. 
Thus,  EGFR  is  an  attractive  target  in  lung  cancer.  We  used  a 


previously  reported  11 -residue  peptide  ligand  for  targeting  EGFR 
[15].  This  peptide  binds  specifically  and  efficiently  to  EGFR 
(dissociation  constant  of  —  20  nM),  but  has  much  lower  mitogenic 
activity  than  EGF  [15].  We  found  that  EGFR  targeting  enhanced  the 
in  vitro  accumulation  of  targeted  SPIO  nanoparticles  into  A549 
cells  by  450%  compared  to  non-targeted  particles.  Aerosolized 
SPIO  particles  were  directed  to  the  periphery  of  the  lung  by  con¬ 
trolling  the  aerodynamic  size  of  SPIO  aggregates.  One  hour  after 
inhalation,  the  amount  of  the  targeted  or  non-targeted  particles 
was  similar  in  tumor-bearing  or  healthy  lungs  (about  70  pg  iron 
oxide).  However,  following  mucociliary  clearance  from  the  lung  (1 
week  after  inhalation  delivery),  the  level  of  non-targeted  SPIO 
nanoparticles  was  significantly  lower  than  that  of  targeted  parti¬ 
cles.  This  difference  could  be  attributed  to  the  presence  of  tumor 
targeting  ligand  on  the  surface.  Thus,  by  combining  receptor  tar¬ 
geting  with  inhalation  delivery,  superior  tumor  selectivity  can  be 
achieved. 

There  are  several  challenges  in  the  design  of  an  effective 
inhalation  system,  which  can  deposit  a  high  dose  to  the  peripheral 
regions  of  the  lung.  Mice  are  obligatory  nose  breathers,  with  a 
small  inhalation  volume  (  —  24.5  ml/min).  This  restricts  the  rate  of 
delivery  of  therapeutics  into  the  lungs.  The  dose  delivered  can, 
however,  be  controlled  by  changing  the  concentration  of  the 
aerosol  generated  (mass  of  aerosol/volume  of  air)  and  the  aero¬ 
dynamic  diameter  of  the  aerosol.  An  MMAD  of  1  pm  has  been 
shown  to  result  in  the  highest  concentration  of  the  therapeutic 
agents  in  all  lobes  of  mouse  lungs  [32],  yielding  a  deposition 
percent  (ratio  of  mass  deposited  in  the  lungs  to  total  mass  inhaled) 
of  about  10%  [21,33].  In  our  studies,  we  obtained  a  deposition  of 
nearly  15%  with  the  1.1  pm  MMAD  SPIO  nanoparticles.  The 
elevated  deposition  fraction  was  probably  attributed  to  pre¬ 
acclimatization  of  the  mice  to  the  inhalation  chambers  and  the 
prolonged  exposure  (30  min),  which  prevented  undue  stress  and 
uneven  breathing  pattern  caused  by  short  aerosol  exposures.  This 
fraction  is  amenable  to  further  enhancement  by  using  magnetic 
deposition  [21]  or  micro-spraying  technique  [34],  which  can  in¬ 
crease  the  deposition  fraction  of  SPIO  nanoparticles  by  several 
folds. 

The  effectiveness  of  targeted  magnetic  hyperthermia  was  eval¬ 
uated  in  an  orthotopic  mouse  lung  tumor  model.  Intravenous  in¬ 
jection  of  A549  cells  led  to  the  development  of  lung  tumors,  whose 
bioluminescence  scaled  with  the  size  of  the  tumor.  Lung  tumors 
could  be  identified  at  a  bioluminescence  level  of  1  x  105  photons/s 
and  the  tumor  burden  reached  90%  of  the  lung  volume  at 
5  x  108  photons/s.  Using  an  optimized  aerosol  formulation  of  tar¬ 
geted  SPIO  nanoparticles,  we  could  achieve  therapeutic  doses  of 
SPIO  nanoparticles  in  the  tumors.  A  single  magnetic  hyperthermia 
regimen  was  effective  in  reducing  the  tumor  growth  rate  over  a 
month  compared  to  the  non-targeted  or  non-treated  control.  In 
addition,  the  treatment  did  not  result  in  any  toxic  manifestations  in 
the  mice. 

Due  to  their  epithelial  nature,  lung  tumors  fill  up  the  alveolar 
region  and  thus,  most  tumors  are  not  exposed  to  the  circulating 
airways.  This  poses  a  challenge  to  the  success  of  the  nanoparticle 
system.  In  spite  of  enhanced  retention  of  targeted  SPIO  nano¬ 
particles  in  the  tumor,  not  all  tumor  cells  possessed  particles  and 
therefore  would  not  receive  magnetic  hyperthermia  therapy.  As  a 
result,  the  treatment  showed  a  significant  delay  in  tumor  growth 
but  not  complete  eradication.  However,  this  problem  could 
potentially  be  addressed  by  using  agents  that  normalize  the  tumor 
extracellular  matrix  and  enhance  the  penetration  of  nanoparticles 
into  the  tumor  [35,36].  Additionally,  SPIO  nanoparticle  mediated 
magnetic  hyperthermia  may  be  highly  effective  as  an  adjuvant 
therapy  for  killing  isolated  tumors  cells  left  behind  after  surgical 
resection  of  the  lung  tumors. 
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5.  Conclusions 

Inhalation  delivery  of  EGFR-targeted  SPIO  nanoparticles  was 
investigated  in  this  study  as  a  potential  approach  for  lung  cancer 
treatment.  Our  studies  show  that  EGFR  targeting  enhances  tumor 
retention  of  SPIO  nanoparticles  while  minimizing  systemic  expo¬ 
sure.  Tracheal  instillation  allowed  for  high  doses  of  SPIO  nano¬ 
particles  to  be  administered,  however,  aerosol  delivery  resulted  in 
better  intra-tumoral  distribution.  Magnetic  hyperthermia  using 
targeted  SPIO  nanoparticles  resulted  in  a  significant  inhibition  of 
in  vivo  tumor  growth.  Overall  this  work  highlights  the  potential  for 
developing  magnetic  hyperthermia  as  an  effective  anticancer 
treatment  modality  for  the  treatment  of  non-small  cell  lung  cancer. 
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10  Abstract  Lung  cancer  continues  to  be  the  number  one 

11  cause  of  cancer-related  deaths  in  the  USA.  Early  identifica- 

12  tion  of  the  disease,  availability  of  more  effective  drugs,  and 

13  improved  delivery  of  such  drugs  specifically  to  cancer  cells 

14  are  needed  to  decrease  lung  cancer-associated  morbidity  and 

15  mortality.  The  concept  of  image-guided  drug  delivery 

16  (IGDD),  which  envisions  the  utilization  of  imaging  techni- 

17  ques  for  quantitative  assessments  of  tumor-targeted  drug 

18  delivery  and  therapeutic  response,  has  the  potential  to  make 

19  a  significant  impact  in  lung  cancer.  While  the  anatomic  and 

20  physiological  features  of  the  lung  pose  distinct  problems  for 

21  imaging  drug  delivery,  several  new  techniques  are  emerging 

22  that  have  the  potential  to  overcome  these  problems.  X-ray  is 

23  a  routinely  used  technique  for  diagnosing  lung  cancer;  how- 

24  ever,  positron  emission  tomography  (PET)  and  magnetic 

25  resonance  imaging  (MRI)  are  complementary  approaches. 

26  PET-  and  MRI-based  techniques  (such  as  functional  MRI) 

27  offer  the  possibility  of  imaging  the  delivery  of  specific 

28  molecules  to  cancer  tissues  in  the  lung.  This  paper  reviews 

29  fundamentals  of  imaging  with  an  emphasis  on  MRI  and  to 

30  some  extent  PET,  since  it  will  be  argued  that  these 
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techniques  are  the  most  promising  for  development  in  31 
IGDD  for  lung  cancer.  Finally,  key  literature  contributions  32 
will  be  highlighted,  which  exemplify  the  current  successes  33 
in  this  area.  34 

Keywords  X-ray  •  Computed  tomography  •  Magnetic  35 

resonance  imaging  •  Positron  emission  tomography  •  Targeted  36 
drug  delivery  •  Diagnosis  37 

Introduction  38 


Several  imaging  and  dmg  delivery  technologies  are  emerging  39 
that  collectively  have  the  potential  to  radically  change  the  40 
prognosis  of  lung  cancer.  These  technologies  pertain  to  the  41 
concept  of  image-guided  dmg  delivery  (IGDD).  As  described  42 
by  Dr.  Farahani  (Cancer  Imaging  Program,  National  Cancer  43 
Institute),  IGDD  in  cancer  is  a  “personalized  therapy  where  44 
imaging  techniques  can  be  utilized  in  quantitative  assessments  45 
of  tumor-targeted  therapeutic  delivery,  distribution,  uptake,  46 
and  response”  [  1  ] .  Personalized  therapy  is  an  ambitious  vision  47 
of  the  future,  and  the  current  cancer  treatments  represent  the  48 
initial  steps  towards  its  achievement.  49 

Personalized  therapy  is  perhaps  most  important  in  the  50 
area  of  lung  cancer  because  (1)  it  is  the  most  lethal  cancer  51 
in  men  and  women,  (2)  little  progress  has  been  made  in  last  52 
five  decades  in  improving  the  prognosis  despite  intense  53 
basic,  applied,  and  clinical  research,  and  (3)  it  embodies  a  54 
diverse  myriad  of  phenotypical  and  genotypical  tumors  that  55 
span  a  wide  range  of  stages  and  states  of  progression.  It  may  56 
well  be  that  the  lack  of  appreciation  for  the  need  of  a  57 
personalized  approach  has  contributed  to  the  dismal  prog-  58 
ress  in  lung  cancer  treatment  outcomes.  This  is  likely  to  59 
happen  when  clinical  studies  inappropriately  group  patients  60 
into  common  phenotypical  categories,  when  in  fact  these  61 
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62  actually  were  genetically  distinct  diseases  that  do  not  have  a 

63  common  approach  for  therapeutic  success. 

64  Returning  to  Dr  Farahani’s  description,  IGDD  is  perhaps 

65  more  of  a  drug  delivery  evaluation  rather  than  drug  delivery 

66  guidance.  Thus,  the  concept  of  guidance  in  this  definition 

67  suggests  diagnosis  and  then  evaluation  of  disease  progres- 

68  sion  and/or  treatment,  from  which  the  treatment  approach 

69  can  be  modulated.  Thus,  guidance  becomes  merely  a  more 

70  sophisticated  form  of  patient/disease  evaluation.  For  exam- 

71  pie,  if  a  tumor  is  shrunk,  treatment  was  successful,  but  if  it 

72  continues  to  grow,  alternatives  must  be  sought.  While  such 

73  information  is  highly  valuable,  there  is  no  active  or  real-time 

74  guidance  to  localize  the  drug  in  a  specific  location. 

75  The  full  implementation  of  IGDD  has  been  suggested  to 

76  require  (a)  drugs  that  can  be  imaged,  localized,  or  targeted, 

77  and  activated  at  the  tumor  site  and  (b)  imaging  techniques 

78  that  provide  anatomic  and  quantitative  functional  measures 

79  of  the  process  at  various  spatial  and  temporal  resolutions  for 

80  active  monitoring.  The  term  localization  suggests  a  purpose- 

81  fill  directing  of  the  drug  to  the  site  of  action.  In  field  of  drug 

82  delivery,  “targeting”  involves  attaching  a  ligand  with  affin- 

83  ity  for  a  receptor  ideally  expressed  exclusively  on  the  can- 

84  cerous  cell.  Thus,  targeting  may  enhance  drug  accumulation 

85  at  the  target  site,  but  may  not  result  in  significantly  de- 

86  creased  drug  accumulation  elsewhere.  It  is  possible  to  in- 

87  crease  the  drug  exposure  in  the  target  tissue  5-fold  (say  from 

88  1%  of  injected  dose  to  5%  of  injected  dose),  but  this  may 

89  only  minimally  reduce  the  drug  exposure  in  non-target 

90  tissues  (99%  to  only  95%  of  the  injected  dose,  in  this  case). 

91  In  the  military  parlance,  the  above  approach  would  be 

92  similar  to  using  a  targeted  missile  system  that  would  blanket 

93  an  entire  country  with  explosives,  with  the  target  sites  suf- 

94  fering  more  damage  than  others.  Extending  the  analogy  to 

95  IGDD,  a  missile  guidance  system  would  not  actually  direct 

96  the  armament  to  the  desired  site  but  would  merely  provide 

97  images  of  the  wide  swaths  of  destruction  wrought  on 

98  intended  and  unintended  areas.  Unlike  targeted  missile  sys- 

99  terns,  truly  specific  targeted  delivery  systems  are,  unfortu- 

100  nately,  not  available  yet. 

101  Nevertheless,  despite  this  inherent  shortcoming,  image 

102  guidance  could  play  an  important  role  in  improving  lung 

103  cancer  outcomes.  For  this  purpose,  the  imaging  system  must 

104  minimally  provide  information  pertaining  to  the  anatomical 

105  structures  as  well  as  to  the  drug  delivery  system.  For  the 

106  anatomical  structures,  the  imaging  technique  must  discrim- 

107  inate  between  normal  and  diseased  areas.  Ideally,  this  should 

108  be  done  at  the  levels  of  organ,  tissue,  cell,  organelle,  and 

109  ultimately  to  the  molecular  level,  since  the  latter  is  needed  to 

110  evaluate  drug  interaction  at  the  active  site.  There  is  a 

111  corresponding  requirement  for  detection  of  the  drug  at  these 

112  same  levels.  It  is  noteworthy  that  the  active  chemical  entity 

113  must  be  followed  and  not  the  surrogate  components  of 

114  delivery  system  that  carries  the  label. 


In  the  following  section,  background  information  per-  115 
taining  to  lung  cancer  is  provided.  This  is  the  sine  qua  116 
non  of  choosing  and  adopting  sophisticated  imaging  and  117 
therapeutic  approaches.  The  subsequent  section  will  re-  118 
view  fundamentals  of  imaging  with  an  emphasis  on  119 
MRI  and  to  some  extent  PET,  since  it  will  be  argued  120 
that  these  techniques  are  the  most  promising  for  devel-  121 
opment  in  IGDD  for  lung  cancer.  Finally,  key  literature  122 
contributions  will  be  highlighted,  which  exemplify  the  123 
current  successes  in  this  area.  124 


Characteristics  of  lung  cancer  125 

Lung  cancer  is  the  number  one  cause  of  cancer-related  126 
deaths  in  both  men  and  women  in  the  USA  and  in  many  127 
countries  worldwide.  The  American  Cancer  Society  pro-  128 
vides  alarming  statistics  for  the  year  2011,  in  which  there  129 
were  221,130  new  cases  and  156,940  estimated  deaths  [2,  130 

3].  Future  incidence/death  may  be  reliably  predicted  based  131 
on  current  smoking  rates  due  to  the  well-established  corre-  132 
lation  between  cigarette  smoking  and  lung  cancer  [4].  Al-  133 
though  smoking  rates  are  declining  in  most  Western  134 
countries,  the  incidence  is  steady  or  even  rising  in  other  135 
areas  of  the  world.  In  China,  for  example,  it  is  estimated  that  136 
nearly  60%  of  the  adult  male  population  smoke  [5].  Thus,  137 


the  epidemic  of  lung  cancer  deaths  will  likely  continue.  138 
The  major  types  of  lung  cancer  are  based  on  the  morpho-  139 
logical  code  of  the  International  Classification  of  Diseases  140 
for  Oncology  and  the  Systematized  Nomenclature  of  Med-  141 
icine  [6].  The  World  Health  Organization  (WHO)  created  a  142 
standard  nomenclature  for  lung  cancer:  In  the  category  of  143 
malignant  epithelial  carcinoma,  there  is  squamous  cell  car-  144 
cinoma,  small  cell  carcinoma,  adenocarcinoma,  large  cell  145 
carcinoma,  adenosquamous  carcinoma,  sarcomatoid  carci-  146 
noma,  carcinoid  tumor,  and  salivary  gland  tumors  [7].  147 

In  the  interest  of  localization  of  therapy,  it  is  significant  148 
that  there  is  a  correlation  between  the  type  of  cancer  and  the  149 
area  of  the  lung  it  is  found.  In  the  alveoli  region,  adenocar-  150 


cinoma  is  the  most  frequent  and  represents  about  30%  of  the  151 
primary  lung  malignancies.  Bronchiolalveolar  carcinoma  152 
and  atypical  adenomatous  hyperplasia  are  also  largely  found  153 
in  the  terminal  bronchioles  and  lung  periphery.  Tumors  that  154 
occur  primarily  in  the  central  bronchi  include  squamous  155 
carcinoma  (29%  of  all  lower  respiratory  tract  cancer),  large  156 
cell  carcinoma  (9%),  and  small  cell  lung  carcinoma  (10-1 5%).  157 

For  the  purposes  of  treatment,  lung  cancer  is  characterized  as  158 
being  either  small  cell  lung  cancer  (SCLC)  or  non-small  cell  159 
lung  cancer  (NSCLC)  [8].  The  severity  of  NSCLC  is  deter-  160 
mined  by  the  TNM  system  based  on  the  tumor  size  (T),  lymph  161 
node  involvement  (N),  and  presence  of  metastasis  (M)  [7].  In  162 
contrast,  SCLC  is  characterized  as  being  either  a  limited  or  163 
extensive  disease.  164 
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165  For  diagnosis,  X-ray  is  the  standard  imaging  methodolo- 

166  gy  for  detecting  and  characterizing  tumors  in  the  lung.  For 

167  treatment,  the  current  Revised  Response  Evaluation  Criteria 

168  in  Solid  Tumors  guideline  relies  on  objective  disease  pro- 

169  gression  (tumor  shrinkage  determined  using  X-ray  [9].  Be- 

170  cause  X-ray  imaging  arises  from  differences  in  electron 

171  density,  diagnosis  of  the  type  of  cancer  requires  microscopic 

172  evaluation  of  a  tissue  sample.  It  should  be  noted  that  X-ray 

173  imaging  carries  a  high  false  positive  rate,  since  many  indi- 

174  viduals  have  X-ray  opaque  structures  in  their  lungs  that  are 

175  not  malignant.  For  radiographs  identified  as  suspicious  for 

176  cancer  in  the  National  Cancer  Institute  studies,  the  positive 

177  predictive  value  ranged  from  41%  to  60%  [10].  A  previous 

178  review  provides  extensive  data  on  false  positive  rates  asso- 

179  ciated  with  chest  radiography  and  how  this  compares  with 

180  more  advanced  diagnostic  techniques  [11].  It  is  noted  that 

181  most  abnormalities  on  chest  radiography  are  resolved,  or 

182  screening  results  are  found  to  be  false  positive  when  evalu- 

183  ated  by  CT  [12].  A  recent  retrospective  study  of  1 1 ,766  MRI 

184  scans  revealed  that  559  (4.8%)  had  suspicious  lung  nodules, 

185  but  only  49  (0.4%)  had  primary  lung  cancer  diagnoses 

186  [13].  For  identification  of  the  type,  classification,  and 

187  location  of  the  cancer,  the  current  decision-tree  for  ther- 

188  apeutic  intervention  is  available  through  the  National 

189  Comprehensive  Cancer  Network  [8]. 

190  Presently,  large  or  singular  tumor  masses  are  surgically 

191  removed  whenever  possible,  which  may  involve  removal  of 

192  an  entire  lung  (pneumonectomy),  one  or  more  lobes  (lobec- 

193  tomy),  or  parts  of  a  lobe  (wedge  and  segment  resection)  if 

194  affected  with  very  small  tumors.  Macroscopically,  surgery  is 

195  a  true  form  of  image-guided  therapy,  where  obviously  can- 

196  cerous  cells  are  removed  and  healthy  tissue  is  preserved.  It 

197  also  can  provide  a  gateway  to  IGDD  with  drug  administra- 

198  tion  at  the  site  by  a  spray  device  or  implant  [14].  It  is  likely 

199  that  surgery  will  remain  the  treatment  of  choice  for  all 

200  operable  tumors,  which  present  as  a  large,  discrete  mass  that 

201  can  be  safely  removed  without  damaging  critical  blood 

202  vessels  or  nerves.  Chemotherapy,  even  as  IGDD,  will  re- 

203  main  relegated  to  a  secondary  option.  Nevertheless,  surgical 

204  oncologists  will  likely  be  the  first  to  concede  the  limitations 

205  and  relatively  poor  long-term  outcome  of  surgery  for  lung 

206  cancer  patients.  Specifically,  the  5-year  survival  is  at  41% 

207  and  23%  for  stage  I  and  II NSCLC,  respectively  [7,  15].  The 

208  survival  for  stage  III  is  much  lower. 

209  In  addition  to  poor  prognosis,  lung  cancer  patients  have  a 

210  number  of  attributes  that  further  press  the  need  for  directed/ 

211  guided  therapy.  The  first  factor  is  that  patients  with  lung 

212  cancer  tend  to  be  elderly  with  a  median  age  of  first  diagnosis 

213  near  70  years  [16,  17].  Patients  that  develop  lung  cancer 

214  typically  have  had  a  long  history  of  cigarette  smoking  and 

215  are  generally  not  in  good  health.  Life  expectancy  may  not  be 

216  long  under  normal  conditions  and  is  even  shorter  for  those 

217  individuals  in  poor  health.  Non-specific  chemotherapy, 


which  carries  the  high  risk  of  debilitating  side  effects,  is  a  218 
poor  choice.  Another  factor  is  that  surgery  may  not  remove  219 
all  cancerous  cells  [7,  18].  For  this  reason,  chemotherapy  220 

and  radiation  are  often  used  in  conjunction  with  surgery.  In  221 

fact,  adjuvant  therapy  (chemotherapy  following  surgery)  is  222 
the  standard  of  care  for  those  patients  with  stage  II  and  III  223 
NSCLC  [15,  19].  Neoadjuvant  therapy  (chemotherapy  be-  224 
fore  surgery)  is  also  being  actively  studied.  225 

Related  to  the  second  factor  is  that  the  remaining  lung  226 
cells,  while  apparently  normal  based  on  phenotype,  may  227 
not  be  genetically  normal.  If  cancer  entails  a  cascade  228 
failure  of  multiple  protective  mechanisms  that  are  present  229 
to  prevent  uncontrolled  cell  division  and  propagation  [6,  230 

18,  20],  then  it  could  be  expected  that  many  of  the  231 
phenotypically  normal  cells  (around  the  lesion)  possess  232 
genetic  defects.  The  premise  can  be  conceptualized  with  233 
the  simplistic  idea  that  cancer  development  requires  an  234 
initiation  and  a  propagation  step.  Thus,  while  patients  235 
with  lung  cancer  have  had  regions  of  the  lung  undergo  236 
these  development  steps  resulting  in  cancer,  the  remain-  237 
ing  apparently  normal  cells  may  be  poised  to  undergo  a  238 
propagation  step,  which  if  it  occurs,  would  be  interpreted  239 
as  a  recurrence  of  lung  cancer.  This  is  well  recognized  240 
and  is  referred  to  as  the  field  effect,  where  an  area  of  241 
cancer  is  composed  of  cells  spanning  a  range  of  genetic  242 
expression  and  phenotypes  [21,  22].  243 

Finally,  because  lung  cancer  often  develops  largely  244 
asymptomatically,  the  majority  of  patients  are  first  diag-  245 
nosed  in  stage  III  or  IV,  which  involves  invasion  of  the  246 
cancer  into  surrounding  tissues  or  metastasis.  Thus,  the  247 
quoted  5 -year  survival  rate  is  near  15%  for  all  lung  cancer  248 
patients.  As  such,  there  is  benefit  of  using  imaging  method-  249 


ology  to  not  only  detect  the  common  occurrence  of  metas-  250 
tasis  but  also  provide  for  guidance  of  the  effectiveness  of  251 
drug  therapy.  252 

Lung  biology  relevant  to  imaging  253 


Before  introducing  techniques  for  imaging  and  delineating  254 

the  strengths  and  weaknesses  as  applied  to  the  lung,  it  is  255 

important  to  have  an  appreciation  of  the  respiratory  tract.  256 

The  respiratory  tract  is  considered  to  have  two  anatomical  257 

regions  (upper  and  lower).  The  lower  respiratory  tract  258 

includes  the  trachea,  bronchi,  bronchioles,  and  alveoli.  The  259 

trachea  and  bronchi  make  up  the  conducting  airways,  which,  260 

as  the  names  implies,  primarily  function  as  a  passageway  261 

from  the  external  environment  to  the  site  of  gas  exchange.  In  262 

these  conduits,  particulate  matter  is  efficiently  removed,  and  263 

the  cross-sectional  area  geometrically  increases.  The  small  264 

bronchioles  and  alveoli  make  up  the  pulmonary  region  of  265 

the  respiratory  tract,  which  provide  the  site  for  gas  exchange  266 

(Fig.  1).  267 
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Fig.  1  Schematic  of  the  lungs 
showing  the  branching  pattern 
of  conducting  airways,  which 
end  in  alveoli.  Reproduced 
under  the  terms  of  the  GNU 
Free  Documentation  License 
from  Wikibooks  (http://en. 
wikibooks .  org/wiki/ 
HumanPhysiology/ 
Therespiratorysystem) 
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The  trachea  follows  the  larynx  as  air  moves  into  the  lung. 
After  the  trachea,  the  bronchi  are  encountered.  There  is  a 
right  and  a  left  bronchi  resulting  from  a  division;  the  first  is 
within  the  lung,  which  is  repeated  until  the  alveolar  ducts 
are  reached.  This  gives  rise  to  a  complex  branching  pattern. 
Coupled  with  this  geometry  is  the  need  to  package  the  lung 
within  a  minimum  volume.  Although  there  are  five  distinct 
lobes  in  the  human  lungs,  larger  diameter  airways  may  be 
physically  quite  close  to  alveoli.  Thus,  except  for  the  very 
periphery  of  the  lung,  all  two-dimensional  projections  of  the 
lung  will  contain  both  large  and  small  airways. 

At  the  microscopic  level,  the  surface  of  the  conducting 
airways  is  lined  with  the  mucociliary  system  from  the  nasal 
cavity  throughout  the  entire  conducting  region  of  the  lung. 
This  system  is  a  consequence  of  the  activity  of  primarily  two 
cell  types:  the  goblet  cells,  which  secrete  mucus,  and  the 
ciliated  pseudostratified  columnar  cells,  which  transport  the 
mucus  towards  the  trachea.  Mucus  is  a  hydrated,  glycopro¬ 
tein  network  with  significant  cross-linking  among  the  mucin 
chains.  In  the  pulmonary  region  of  the  lung,  the  terminal 
bronchioles  lead  to  the  alveolar  ducts  that  have  attached 
alveolar  sacs.  The  alveolar  sacs  are  about  0.03  cm  in  diam¬ 
eter,  and  at  their  air/liquid  interface,  there  exists  a  mixture  of 
lipids  with  several  associated  proteins  that  is  known  as  lung 
surfactant.  The  type  II  cell  is  largely  responsible  for  secre¬ 
tion  and  recycling  of  lung  surfactant,  but  the  type  I  epithelial 
cell  is  more  prevalent.  Although  only  four  cell  types  have 
been  mentioned  here,  it  should  be  appreciated  that  the  lung 
contains  over  40  different  cell  types.  Thus,  there  is  com¬ 
plexity  at  the  macroscopic  level  as  well  as  at  the  level  of  the 
cell  and  cell  lining  within  the  lung. 

At  the  molecular  level,  great  effort  is  being  expended  to 
characterize  the  expression  of  surface  receptors  on  different 
cell  types.  It  can  be  anticipated  that  as  with  the  variety  of 
cells,  surface  receptor  expression  will  be  equally,  if  not 
more,  complex.  In  addition,  the  asymmetry  of  the  cells  must 


not  be  forgotten.  That  is,  many  of  the  cells  within  the  lung 
have  an  apical  surface  exposed  to  air  or  fluid  in  the  alveoli 
as  well  as  a  basolateral  surface  that  is  in  contact  with 
interstitial  fluid.  This  is  in  contrast  to  most  lung  tumors  that 
are  present  as  nodules,  which  may  or  may  not  be  vascular¬ 
ized  but  usually  have  a  minimal  surface  exposed  to  air. 

As  an  organ,  the  dispersion  of  air-filled  alveoli  with  a 
diameter  not  much  larger  than  the  limit  of  human  vision, 
separated  by  tissue  sheets  that  are  much  thinner  than  dis¬ 
cerned  by  eye,  represents  a  profound  challenge  for  all  im¬ 
aging  techniques.  That  is,  the  tissue  is  highly  heterogeneous, 
but  yet  near  microscopic  limit  is  needed  for  visual  resolu¬ 
tion.  Because  of  the  presence  of  air,  the  weight  of  the  lungs 
is  quite  small,  representing  perhaps  only  2%  of  the  body 
weight,  yet  the  low-density  organ  represents  a  large  volume, 
which  is  the  significant  measure  for  a  visual  image.  Finally,  the 
lungs  are  contained  within  the  protective  boney/cartilaginous 
structure  of  the  ribs/stemum.  A  uniform  shell  encasing  the 
lungs  would  present  a  more  convenient  obstacle  than  the 
irregular  shaped  ribs  that  vary  with  respect  to  length,  diameter, 
and  density. 

Another  major  complication  arising  with  the  lung  is  that 
it  must  remain  active  during  image  acquisition.  Lungs  un¬ 
dergo  cyclic  changes  of  expansion  and  contraction  during 
respiration.  The  cyclic  change  would  be  less  of  a  challenge 
if  it  were  not  for  the  irregularity  of  the  physical  displacement 
especially  in  the  context  of  required  spatial  resolution.  Thus, 
if  there  is  interest  in  distinguishing  two  adjacent  alveoli  by 
imaging,  the  lung  must  be  repositioned  to  within  0.03  cm,  or 
alternatively,  the  image  acquisition  must  be  sufficiently 
rapid  to  take  place  during  a  realistic  breath-holding  period. 
This  latter  point  will  be  valid  for  lung  structures  that  pre¬ 
sumably  remain  constant,  but  becomes  invalid  in  assessing 
the  time  dependent  distribution  of  drug  delivery  systems. 

Finally,  the  lung  is  well  perfused  with  blood,  essentially 
receiving  the  entire  cardiac  output.  From  the  perspective  of 
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340  treating  lung  cancer,  blood  contained  within  blood  vessels 

341  should  be  distinguished  from  lung  tissue  and  lung  fluids. 

342  The  heart’s  rhythmic  beating,  along  with  arterial  oscilla- 

343  tions,  induces  movement  that  is  propagated  throughout  the 

344  lungs.  Again,  problems  of  resolution  become  a  significant 

345  issue. 


346  Imaging  and  lung  cancer 

347  Many  imaging  techniques  are  available  for  providing  infor- 

348  mation  about  the  lung,  normal  and  diseased,  as  well  as  the 

349  drug  delivery  system.  As  noted  before,  diagnosis  of  lung 

350  cancer  critically  depends  on  combined  methodologies,  and 

351  such  multiple  techniques  are  also  used  to  evaluate  treatment. 

352  In  all  considerations  of  imaging,  contrast,  sensitivity,  and 

353  dynamic  range  are  key  issues  along  with  the  question  of 

354  spatial  and  temporal  resolution  [23].  For  each  method,  the 

355  final  image  is  presented  as  a  two-dimensional  picture  corn- 

356  posed  of  pixels,  each  of  which  can  be  assigned  a  numeric 

357  value  corresponding  to  the  signal  strength.  The  two- 

358  dimensional  images  can  be  assembled  in  a  stack  (often 

359  called  a  z-stack)  to  reconstruct  a  three-dimensional  image. 

360  Historically,  the  eye  served  as  the  qualitative  interpreter  of 

361  the  signal  strength,  but  with  the  explosive  advance  in  corn- 

362  putational  methods,  the  numeric  value  can  provide  quanti- 

363  tative  information.  For  quantification,  the  value  assigned  to 

364  a  given  pixel  is  derived  from  the  underlying  physics  of  the 

365  imaging  technique,  which  is  the  primary  determinant  of  the 

366  contrast.  Each  image,  which  is  composed  of  pixels  with  a 

367  range  of  intensities,  is  shaped  by  transparency/opacity  of 

368  specific  structures  to  the  applied  form  of  energy.  In  principle 

369  and  almost  practically,  the  entire  electromagnetic  spectrum 

370  can  be  used  for  imaging,  including  the  oldest  method,  vis- 

371  ible  light,  as  well  as  UV,  IR,  X-rays,  and  radio  frequency. 

372  Neutrons,  positrons,  and  gamma  and  beta  particles  may  also 

373  be  used.  Finally,  energy  in  the  form  of  mechanical  waves  is 

374  used  as  in  ultrasound.  For  all  approaches  that  do  not  use 

375  visible  light,  the  energy  detected  from  the  specimen  must  be 

376  converted  to  the  visible  spectrum. 

377  X-ray  [chest  radiography  and  computed  tomography 

378  (CT)],  gamma  scintigraphy  (single  photon  emission  CT), 

379  positron  emission  tomography  (PET),  magnetic  resonance 

380  imaging  (MRI)  and  its  complement,  magnetic  resonance 

381  spectroscopy  (MRS)  are  the  principle  techniques  available 

382  for  lung  imaging.  While  not  dismissing  other  imaging  tech- 

383  niques,  e.g.,  electrical  impedance  tomography,  microwave 

384  imaging,  etc.,  as  impossible,  there  are  significant  theoretical 

385  and/or  technical  problems  that  preclude  their  use. 

386  With  human  lung  cancer,  conventional  chest  X-ray  radi- 

387  ography  is  the  most  common  method  of  screening  for 

388  tumors  within  the  lung.  Tumor  presence  can  be  ascertained 

389  by  direct  visualization  of  a  mass  within  the  air  cavity  or 


inferred  by  chest  wall  expansion  or  bone  degradation  of  390 

adjacent  ribs  or  vertebrae.  X-ray  CT  is  the  standard  modality  391 

for  staging  lung  cancer.  CT  can  non-invasively  determine  392 

the  resectability  of  a  lesion  depending  on  tumor  location,  393 

size,  and  proximity  to  critical  blood  vessels  or  the  medias-  394 

tinum.  Gamma  scintigraphy  represents  the  standard  for  char-  395 
acterizing  the  delivery  of  labeled  drug  to  the  lung.  PET  is  396 

exquisitely  sensitive  for  quantitative  molecular  imaging  and  397 

staging  of  tumors  within  the  lung.  In  principle,  MRI  can  398 

provide  anatomical  and  chemical  information,  but  the  tech-  399 

nique  is  inherently  more  complicated,  and  as  such,  the  400 

development  has  lagged.  While  anatomical  alterations  are  401 

extremely  important  for  diagnostic  purposes,  there  is  much  402 

greater  interest  currently  in  developing  imaging  methodology  403 


that  reflects  function  [24].  ^  404 

The  development  of  X-ray  imaging  for  lung  cancer,  now  405 
in  its  current  form  of  computed  tomography,  which  provides  406 
reconstructed  three-dimensional  images,  is  an  obvious  con-  407 


sequence  of  the  contrast  between  a  normally  low  electron  408 
dense  tissue/air  space  and  a  high  electron  dense  tumor.  The  409 
obstructions  arising  from  bones  can  be  cleverly  circum-  410 
vented.  This  is  also  true  for  gamma  scintigraphy  that  411 
relies  on  the  presence  of  gamma  emitting  molecules  412 
(commonly  99mTc)  from  an  essentially  negligible  back-  413 
ground.  For  both  of  these  techniques,  the  inherent  con-  414 
trast  and  sensitivity  is  high,  which  in  turn  allows  for  415 
either  rapid  signal  acquisition  (for  high  temporal  resolu-  416 
tion)  or  long-term  signal  accumulation  (for  high  spatial  417 
resolution).  The  high  contrast  and  the  direct  collection  of  the  418 
X-ray  or  gamma  rays  also  lead  to  a  direct  path  for  quantifica-  419 
tion.  The  drawback  for  these  techniques  is  the  requirement  of  420 
ionizing  radiation  and  the  associated  concerns  of  adverse  421 
health  effects,  especially  with  repeated  use.  422 

PET  imaging  yields  spatial  metabolic  information  but  423 
does  not  show  anatomical  detail.  To  acquire  a  PET  image,  424 
a  ligand  that  seeks  a  specific  cellular  target  must  be  labeled  425 
with  a  positron-emitting  isotope  such  as  18F,  nC,  150,  or  426 
13N.  For  example,  when  18F-fluorodeoxy  glucose  (FDG)  is  427 
injected  into  a  subject,  18F-FDG  will  concentrate  in  tissues  428 
that  have  the  greatest  metabolic  activity,  such  as  brain  and  429 
heart,  and  will  eventually  label  the  bladder  as  the  isotope  is  430 
cleared  from  the  body.  When  rapidly  dividing  cells  are  431 
present,  such  as  in  cancerous  tissue,  the  uptake  of  18F-  432 

FDG  is  typically  far  greater  than  that  of  surrounding  tissue.  433 
Production  of  positron  emitters  requires  a  cyclotron  that  434 
bombards  a  target  with  a  high-energy  proton  beam  that  can  435 
be  up  to  20  MeV.  These  isotopes  have  a  short  half-life  and  436 
thus  utilize  special  radiochemical  methodologies  to  rapidly  437 
and  appropriately  label  a  ligand.  The  half-life  of  18F  is  438 
110  min,  nC  is  20  min,  150  is  2  min,  and  13N  is  10  min.  439 
Utilizing  isotopes  other  than  18F  requires  a  cyclotron  to  be  440 
physically  close  to  the  scanner.  PET  scanners  that  exclusive-  441 
ly  utilize  18F-labeled  ligands  have  a  12-1 8-h  window  to  442 
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443  receive  these  compounds;  thus,  a  cyclotron  can  be  far  from 

444  the  scanner — assuming  the  compound  can  be  shipped 

445  quickly  to  the  clinic. 

446  When  imaging  a  ligand  with  a  positron  label,  one  detects 

447  gamma  rays,  as  a  consequence  of  positron  annihilation, 

448  rather  than  the  positron  itself.  When  a  positron-emitting 

449  radionuclide  decays,  the  positron  travels  several  millimeters 

450  through  tissue  before  it  encounters  an  electron.  The  positron 

451  and  electron  form  a  metastable  positronium  atom  before 

452  they  annihilate  each  other,  creating  a  pair  of  511  KeV 

453  photons  that  travel  180°  from  each  other.  A  positron  scanner 

454  has  a  ring  of  thousands  of  10x10x10  mm  cerium-doped 

455  lutetium  oxyorthosilicate  or  bismuth  germinate  scintillation 

456  crystals,  interfaced  to  photomultiplier  tubes  that  surround  a 

457  patient.  When  an  annihilation  event  occurs,  two  detectors, 

458  180°  apart,  will  detect  the  event  within  a  timing  window  of 

459  several  hundred  nanoseconds.  Thus,  it  is  known  that  an 

460  annihilation  occurred  somewhere  along  the  line  of  sight 

461  between  the  two  detectors.  The  PET  scanner  takes  this 

462  information  from  thousands  of  detectors  and  events  to 

463  produce  an  image  of  radioisotope  distribution  within  the 

464  scanner  (Fig.  2). 

465  18F-FDG  is  the  most  routinely  used  radiolabeled  corn- 

466  pound  for  PET  imaging  [25,  26].  Cells  experiencing  high 

467  glycolytic  activities  phosphorylate  FDG.  Once  phosphorylat- 

468  ed,  FDG  cannot  be  metabolized  any  further,  thus  effectively 

469  trapping  the  radioisotope  in  the  cell.  After 1 8F-FDG  decays  via 

470  positron  emission,  the  2'-fluorine  is  converted  to  180,  which 

471  becomes  protonated  by  hydronium  ions  in  the  cytoplasm  and 

472  is  normally  metabolized  via  the  glycolytic  pathway.  Another 

473  common  radiolabeled  compound  used  is  18F-FHBG  (9-4- 

474  [18F]fluoro-3-(hydroxymethyl)butyl]guanine,  which  is  a  re- 

475  porter  probe  that  images  the  expression  of  the  herpes  simplex 

476  virus  type- 1  thymidine  kinase  (HS  V 1  -tk)  gene  in  gene  transfer 

477  therapy.  HSVl-tk  and  HSV1 -tk-metabolized  18F-FHBG 

478  co-localize,  allowing  PET-based  localization  of  HSVl-tk 
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gene-transfected  tissue  and  the  assessment  of  gene  trans-  479 
fer  efficiency  [27].  Another  ligand  that  acts  as  a  PET  480 
reporter  molecule  is  fluoro thymidine  (18F-FFT).  FFT  is  a  481 
pyrimidine  analogue  and  is  incorporated  in  tumors  hav-  482 

ing  a  rapid  DNA  synthesis  and  cell  proliferation  483 

[28-30].  484 

Despite  its  slow  development,  MRI  has  been  shown  to  485 
provide  equivalent  information  as  X-ray  and  PET  in  select  486 
applications  (Fig.  3)  [31].  It  was  recently  suggested  that  487 
“MRI  is  well  established  as  the  single  most  useful  imaging  488 
modality  available  in  radiological  practice,  especially  for  the  489 
detection  and  characterization  of  soft  tissue  pathologies,  490 
such  as  solid  tumors  in  cancer”  [24].  However,  it  is  the  491 
inherent  potential  of  the  technique  that  gives  rise  to  optimis-  492 
tic  view  of  its  future  use,  particularly  in  the  area  of  lung  493 
cancer.  494 

With  MRI,  there  is  no  direct  detection  of  a  particle;  rather  495 
it  is  the  relative  concentration  of  magnetic  nuclei  and  their  496 
respective  relaxation  behavior  that  give  rise  to  the  signal  497 
and,  thereby,  the  contrast.  Only  nuclei  that  have  a  net  mag-  498 
netic  moment,  i.e.,  nuclear  spin,  are  able  to  align  in  a  499 
magnetic  field,  setting  the  stage  for  signal  detection.  Mag-  500 
netic  resonance  is  inherently  quantum-mechanical-based  501 
phenomena;  however,  the  interaction  of  spins  with  a  mag-  502 
netic  field  and  their  subsequent  detection  is  aptly  described  503 
through  classical  physics  [32].  When  a  nucleus  of  spin  1/2,  504 

such  as  !H  of  water  or  fat  molecules,  is  placed  in  a  time  505 
invariant  magnetic  field  (B0),  the  z-component  of  the  nucle-  506 
ar  magnetic  moment  can  align  parallel  or  antiparallel  to  B0.  507 

A  slight  excess  of  spins  orient  parallel  to  the  magnetic  field  508 
and  thus  create  a  net  magnetization  within  the  sample.  The  509 


Fig.  2  PET  images  of  62-year-old  man  with  adenocarcinoma  of  left 
lung  (p-T2N0M0).  Both  18F-FDG  (a)  and  18F-FMT  (b)  showed 
increased  uptake  in  primary  tumor.  Reproduced  from  [57] 


Fig.  3  X-ray  CT  of  stage  T2  adenocarcinoma  at  level  of  bronchus 
intermedius.  Arrow  shows  tumor  location.  Slice  thickness =5  mm.  b 
T2-weighted  MR  image  at  same  location  as  X-ray  CT  image.  Arrow 
shows  tumor  location,  c  18F-FDG  PET  image  of  same  anatomical 
location.  Tumors  ( colored  black)  stand  out  because  of  higher  uptake 
of  18F-FDG.  Note  the  lack  of  anatomical  information,  d  PET  image 
superimposed  on  CT  image  showing  anatomical  landmarks.  Repro¬ 
duced  from  [31] 
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510  exact  number  of  spins  “parallel”  or  “anti-parallel”  to  the 

511  external  magnetic  field  can  be  calculated  from  the  Boltz- 

512  mann  equation.  Because  nuclear  spins  have  angular  momen- 

513  turn  and  are  oriented  at  an  angle  with  respect  to  the  applied 

514  magnetic  field,  they  precess  about  B0  at  the  Larmor  frequen- 

515  cy,  which  ranges  from  2  kHz  at  earth  field  to  64  MHz  for  a 

516  typical  1.5  T  clinical  scanner.  An  MR  signal  is  generated 

517  when  the  spins  are  tipped  from  their  equilibrium  position 

518  into  the  transverse  plane  by  radiofrequency  (RF)  excitation 

519  that  is  perpendicular  to  B0.  The  RF  is  typically  engaged  for 

520  microseconds  to  milliseconds,  at  the  Larmor  frequency. 

521  Once  spins  are  in  the  transverse  plane  a  time-varying  volt- 

522  age  is  typically  sensed  by  the  same  coil  that  tipped  the  net 

523  magnetization  into  the  transverse  plane.  Spins  in  the  trans- 

524  verse  plane  gradually  lose  phase  coherence  leading  to  an 

525  observed  exponential  decay  of  the  magnetization,  known  as 

526  spin-spin  (T2)  relaxation.  This  coherent  motion  is  lost  with 

527  time  at  a  rate  proportional  to  1/T2.  Simultaneously,  spins 

528  return  to  their  equilibrium  position  by  a  process  known  as 

529  spin-lattice  (Ti)  relaxation. 

530  Ti  relaxation  behavior  is  perhaps  conceptually  easier  to 

531  grasp.  Placement  of  nuclei  in  a  magnetic  field  will  induce  a 

532  preferential  alignment  of  the  magnetic  moments  in  the  di- 

533  rection  of  the  applied  field.  This  distribution  can  be  per- 

534  turbed  by  the  application  of  a  secondary  field,  provided  the 

535  energy  can  be  absorbed  by  the  nuclei  according  to  the 

536  quantum  mechanical  selection  rules,  often  just  stated  as 

537  being  in  resonance  or  at  the  Larmor  precessional  frequency. 

538  With  absorption  of  the  energy,  the  equilibrium  distribution  is 

539  altered.  Following  removal  of  the  field,  the  distribution  of 

540  nuclei  will  return  to  the  original,  equilibrium  state  provided 

541  the  energy  can  be  released  to  the  environment  (i.e.,  lattice). 

542  The  rate  at  which  this  energy  is  returned  to  the  environment 

543  is  proportional  to  1/T1?  which  may  be  relatively  long,  milli- 

544  seconds  to  seconds,  since  the  energy  loss  must  again  follow 

545  selection  rules.  It  is  Tx  and  T2  spin  relaxation  that  imparts 

546  tissue  contrast  in  MR  images. 

547  The  abundance  of  protons  (1H)  and  their  relatively  large 

548  magnetic  moment  has  led  to  extensive  use  of  MRI  based  on 

549  the  detection  of  these  nuclei.  With  unlimited  sensitivity, 

550  detection  of  structure  at  levels  of  organ,  tissue,  cell,  and 

551  molecule  can  be  obtained.  Moreover,  this  structure  may 

552  pertain  to  anatomy  as  indicated,  but  is  equally  appropriate 

553  to  drugs  and  delivery  systems.  There  are,  of  course,  other 

554  magnetic  nuclei  (2H,  13C,  15N,  19F,  170,  31P,  and  23Na), 

555  which  can  be  exploited  for  detection.  However,  because  of 

556  low  molar  abundance  and  small  magnetic  moments,  the 

557  sensitivity  is  quite  low  for  many  imaging  applications. 

558  The  spatial  resolution  arises  from  the  sensitivity  of  the 

559  relaxation  behavior  to  the  magnetic  field  strength  and  the 

560  ability  to  impose  magnetic  fields,  whose  strength  varies  with 

561  distance,  that  is,  a  magnetic  field  gradient.  In  other  words, 

562  the  applied  magnetic  field  varies  with  respect  to  the 


coordinate  position,  which  in  turn  affects  the  relaxation  563 
behavior,  and  thereby  allows  images  to  be  acquired  in  a  564 
series  of  two-dimensional  planes  or  a  three-dimensional  565 
volume  that  provides  the  spatial  selectivity.  566 

In  its  simplest  form,  contrast  between  two  regions  of  567 
space  can  be  achieved  if  the  protons  in  one  region  collec-  568 


tively  lose  magnetization  or  coherence  more  rapidly  than  569 
those  in  the  other  region.  It  can  also  be  appreciated  that  the  570 
contrast  may  be  modulated  if  there  is  a  greater  difference  571 
between  the  Tx  relaxation  (i.e.,  Tx  weighted)  or  T2  relaxa-  572 
tion  (T2  weighted)  of  these  two  regions  of  space.  Finally,  the  573 
addition  of  molecules  that  increase  the  rate  of  relaxation  of  574 
one  region  of  space  (e.g.,  MRI  contrast  agents)  can  be  used  575 
to  enhance  the  difference  of  the  observed  signal.  Contrast  576 
agents  are  typically  paramagnetic  ions,  e.g.,  gadolinium  577 
salts,  and  ferromagnetic  ions  such  as  Fe304,  or  Fe203,  578 

which  increase  the  rate  of  relaxation  but  also  introduce  579 
another  path  for  the  loss  of  magnetization  and/or  coherence  580 
[33].  581 

The  well-known  effect  of  paramagnetic  ions  on  proton  582 
relaxation  has  now  opened  the  door  to  the  field  of  functional  583 
MRI  (fMRI).  As  an  example,  hemoglobin  can  carry  either  584 
oxygen  or  carbon  dioxide,  but  the  oxygenated  form  is  much  585 
more  effective  in  accelerating  relaxation  of  surrounding  586 
protons  [24].  Thus,  it  becomes  possible  to  differentiate  587 
between  oxygen-rich  blood  in  arteries  and  oxygen-poor  588 
blood  in  veins.  Moreover,  brain  function/activity  as  it  relates  589 
to  oxygen  consumption  can  be  ascribed  to  specific  areas  in  a  590 
brain  image.  There  is  a  difference  in  relaxation  behavior  591 
based  on  the  oxygen  consumption,  primarily  explored  to  592 
identify  areas  of  the  brain  that  are  active  during  specific  593 


stimuli  [24].  594 

In  describing  the  spatial  localization,  it  was  noted  that  a  595 
magnetic  field  gradient  is  applied,  which  allowed  protons  596 
within  a  geometrically  defined  voxel  to  be  imaged.  Howev-  597 


er,  if,  in  the  time  frame  of  the  measurement,  the  proton  598 

should  move  to  the  adjacent  voxel,  its  signal  would  be  lost.  599 

It  then  follows  that  with  greater  movement  of  protons,  a  600 

proportionately  larger  signal  will  be  lost.  It  has  long  been  601 

appreciated  that  diffusion  affects  the  spin-spin  relaxation  602 

rate  (T2*),  from  which  analytical  methods  were  developed  603 

to  measure  diffusion  coefficients  in  NMR  spectrometers  604 

[24].  More  recently,  the  difference  in  diffusivity,  or  more  605 

generally  physical  displacement,  has  been  combined  with  606 

MRI,  which  now  provides  another  means  to  achieve  a  607 

functional  contrast  in  a  specimen  based  on  either  flow  rate  608 


or  diffusion.  609 

Another  type  of  functional  imaging,  referred  to  as  dy-  610 
namic  contrast  enhancement  (DCE)  MRI,  is  being  actively  611 
pursued  [24].  In  this  approach,  a  series  of  images  are  ac-  612 
quired  over  time,  including  before,  during,  and  after  injec-  613 
tion  of  a  contrast  agent.  The  image  intensity  will  be  affected  614 
by  the  concentration  of  contrast  agent,  and  so  by  following  615 
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616  the  time  course  of  these  changes,  information  pertaining  to 

617  the  tissue  perfusion,  micro  vascular  vessel  wall  permeability, 

618  and  extracellular  volume  fraction  can  be  inferred  with  the 

619  appropriate  mathematical  (pharmacokinetic)  analysis.  Pres- 

620  ently,  the  permeability-area  product  (Xtrans  in  the  MRI  field, 

621  but  recognized  as  a  clearance  in  pharmacokinetics)  can  be 

622  related  to  tissue  status.  Using  this  information,  normal  and 

623  benign  and  malignant  tumors  may  be  empirically  differen- 

624  tiated  [24].  This  may  also  be  applied  to  evaluate  tumor 

625  response  to  treatment. 

626  Finally,  it  was  noted  that  the  energy  of  the  RF  pulse  will 

627  be  absorbed  by  the  protons,  provided  the  transfer  follows 

628  selection  rules.  The  magnitude  of  energy  that  is  absorbed 

629  depends  on  the  static  magnetic  field.  The  field  can  be 

630  manipulated  in  such  a  way  to  promote  or  inhibit  transfer 

631  of  energy  from  one  set  of  molecules  to  another.  Thus,  yet 

632  another  method  of  inducing  contrast  is  available  that 

633  depends  on  the  rate  of  magnetization  transfer  [24]. 

634  Overall,  there  is  a  rich  array  of  MRI-based  methods  that 

635  provide  a  means  to  achieve  contrast  based  on  proton  con- 

636  centration  and  relaxation  properties,  either  inherent  or  in- 

637  duced  by  contrast  agents.  The  main  challenge  is  sensitivity. 

638  In  addition,  since  the  image  intensity  is  indirectly  derived 

639  from  time-dependent  decay  processes,  quantification  is  vir- 

640  tually  impossible.  Also,  the  impressive  spatial  resolution  can 

641  at  times  be  deceptive,  since  it  was  achieved  in  two  dimen- 

642  sions  at  the  expense  of  very  low  resolution  in  the  third 

643  dimension  [33].  Put  another  way,  the  voxel  is  not  cubical, 

644  but  is  a  rectangular  pyramid  with  two  very  small  dimensions 

645  and  one  very  large  dimension. 

646  Another  issue  arising  from  the  complex  set  of  interac- 

647  tions  that  determine  signal  intensity  is  correct  attribution  of 

648  signal  changes.  As  a  starting  point,  a  voxel  containing  a  high 

649  concentration  of  protons  that  relax  slowly  will  give  rise  to  a 

650  bright  image  if  the  time  between  subsequent  spin  excitations 

651  is  long  relative  to  T^  If  the  time  between  spin  excitations  is 

652  short,  the  spins  will  not  have  time  to  repopulate  their  re- 

653  spective  energy  levels,  thus  resulting  in  a  low  intensity 

654  pixel.  The  signal  can  be  degraded  by  loss  of  protons  or 

655  enhancing  the  spin-spin  (T2)  relaxation  rate.  It  is  desirable 

656  to  attribute  this  change  to  a  specific  anatomical  or  functional 

657  alteration.  However,  for  a  given  experiment  (pulse  se- 

658  quence),  it  may  not  be  possible  to  unequivocally  attribute 

659  the  loss  of  signal  to  the  specified  change.  Thus,  a  tumor 

660  nodule  may  appear  bright,  and  after  treatment,  image  inten- 

661  sity  is  reduced.  This  can  be  interpreted  as  tumor  regression, 

662  but  there  may  be  other  reasons  for  the  loss  of  signal. 

663  Much  of  the  development  of  MRI  has  been  in  brain 

664  tumors  [24],  largely  due  to  the  boney  encasement  by  the 

665  skull  and  the  presence  of  the  blood  brain  barrier,  precluding 

666  the  use  of  other  imaging  methods.  The  brain  also  has  well- 

667  defined  fluid-  and  lipid-rich  regions,  both  of  which  have 

668  high  proton  concentrations  but  yet  very  distinctive 


relaxation  behaviors.  In  this  respect,  the  lung  poses  a  chal-  669 
lenge  due  to  the  low  proton  concentration.  The  tumors  670 
possess  a  high  proton  concentration,  and  therefore,  a  posi-  671 
tive  image  against  a  dark  background  of  the  lung  tissue  can  672 
be  obtained,  which  is  intrinsically  valuable  for  imaging.  673 
However,  it  does  pose  a  problem  for  application  of  positive  674 
(paramagnetic)  contrast  agents.  The  use  of  ferromagnetic-  675 
based  contrast  agents,  i.e.,  negative  contrast  agents,  results  676 
in  making  the  target  darker  because  T2  is  quite  short  for  iron.  677 
Use  of  a  ferromagnetic  agent  in  the  lung  would  result  in  a  678 
completely  dark  image,  since  the  background  is  devoid  of  679 
protons.  In  principle,  two  images  may  be  compared,  say  680 
before  and  after  injection  of  a  contrast  agent,  but  it  is  681 
difficult  to  directly  compare  images  taken  at  different  times.  682 
This  challenge  has  been  met  by  the  development  of  techni-  683 
ques,  principally  specialized  pulse  sequences,  such  as  sweep  684 


imaging  with  fourier  transformation  (SWIFT)  that  can  pro-  685 
vide  a  positive  (i.e.,  bright  image)  in  the  presence  of  ferro-  686 
magnetic  contrast  agents  [34].  687 

For  MRI  sensitivity  in  characterizing  structure,  the  im-  688 
portance  of  concentration  of  nuclei  is  perhaps  straightfor-  689 


ward  to  understand.  In  the  context  of  the  lung,  about  two  690 

thirds  of  the  tissue  mass  is  water,  which  is  present  at  a  691 

concentration  of  110  M  in  protons.  This  can  be  contrasted  692 

to  air  space,  which  contains  water  at  a  concentration  derived  693 

from  the  saturation  vapor  pressure  at  37°C  or  2.8  x  10~6  M.  694 

This  presupposes  that  there  exists  a  1  -mm3  voxel  containing  695 

pure  water  that  can  be  imaged.  This  may  be  true  of  the  larger  696 

airways,  but  as  noted  above,  the  alveoli  have  a  diameter  of  697 

0.03  mm,  which  is  well  within  the  capability  of  MRI  spatial  698 

resolution,  e.g.,  10  qm/pixel;  however,  respiratory  motion  699 

does  not  allow  one  to  obtain  this  resolution.  In  actuality,  the  700 

periphery  of  the  lung  will  give  rise  to  little  or  no  signal,  as  701 

there  are  simply  not  enough  protons  for  detection.  However,  702 

as  with  X-ray,  the  presence  of  a  cancerous  nodule  that  does  703 

not  contain  air  will  meet  the  criteria  for  imaging  by  MRI  and  704 

can  be  made  to  appear  bright  against  the  dark  background  705 


arising  from  normal  lung.  706 

MRS  can  non-invasively  determine  the  chemical  compo-  707 
sition  of  a  sample.  Application  of  an  RF  pulse  yields  a  708 
spectrum  of  frequencies  if  the  sample  consists  of  magneti-  709 


cally  non-equivalent  spins.  A  spectrum  is  obtained,  which  710 
consists  of  intensity  as  a  function  of  chemical  shift,  typical  711 
of  what  is  usually  seen  in  analytical  or  organic  chemistry.  712 
For  'll  NMR  spectroscopy,  one  frequency  component  exists  713 
if  the  sample  is  pure  water  because  the  protons  of  water  are  714 
magnetically  and  chemically  equivalent.  Two  frequency  715 
components,  i.e.,  chemical  shifts,  exist  for  methanol.  Methyl  716 
and  hydroxyl  protons  of  methanol  have  slightly  different  717 
energy  separations  because  their  respective  local  magnetic  718 
environments  differ  because  orbital  and  bonding  electrons  719 
partially  shield  the  nucleus  from  B0.  Further  splitting  of  720 
spectral  lines  is  a  result  of  scalar  spin-spin  couplings.  This  721 
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722  is  the  basis  of  NMR  spectroscopy  where  chemical  compo- 

723  sition  as  well  as  3D  molecular  structure  is  determined. 

724  Nuclei  other  than  protons  are  commonly  used  for  MRS. 

725  Fluorine  labels  are  often  used  [35,  36]  because  of  the  higher 

726  sensitivity  in  comparison  of  most  other  nuclei  and  the  ab- 

727  sence  of  background  signals,  since  fluorine  is  not  naturally 

728  occurring. 

729  MRI  and  lung  cancer 

730  Clinical  studies  underway 

731  Examining  the  literature  for  the  use  of  IGDD,  we  begin  with 

732  the  clinical  trials  that  are  currently  listed  on  the  FDA.Gov 

733  web  site,  in  which  MRI  is  being  used  with  lung  cancer. 

734  Since  these  are  ongoing  studies,  only  a  brief  description  of 

735  the  objectives  is  provided. 

736  The  aim  of  NCTO 10654 15  is  to  “evaluate  the  diagnostic 

737  efficacy  of  side-by-side  reading  of  whole-body  MRI/PET 

738  and  to  compare  with  that  of  whole-body  MRI  alone  and  that 

739  of  integrated  PET/CT  in  determining  the  stage  of  NSCLC.” 

740  This  is  a  significant  study,  which  has  the  potential  to  raise 

741  MRI  to  a  status  of  CT,  in  lung  cancer  diagnosis. 

742  NCT00172575  will  determine  “whether  DCE  MRI  anal- 

743  ysis  of  tumor  angiogenesis  and  perfusion  can  be  used  as  a 

744  reliable  modality  to  differentiate  benign  from  malignant 

745  solitary  pulmonary  nodules  (SPN)  before  surgical  interven- 

746  tion,  using  kinetic  model  derived  from  DCE  MRI  and  can  be 

747  positively  correlated  with  angiogenesis  (vascular  endothelial 

748  growth  factor  VEGF,  microvessel  density  MVD).”  Perfu- 

749  sion  parameters  from  DCE  MRI  will  be  examined  for  the 

750  power  to  predict  patients’  outcomes  and  survival.  Here  too, 

751  the  elevation  of  DCE  as  a  valid  diagnostic  approach  is 

752  critical  and  will  facilitate  further  investigations  in  translating 

753  the  use  of  MRI  in  animal  models  to  humans. 

754  “MRI  sensitivity  for  the  detection  of  pulmonary  nodule 

755  (s)  greater  than  3  mm  in  size  (diameter)  compared  to  CT” 

756  will  be  studied  in  NCT00751920.  “In  addition,  the  accuracy 

757  of  MRI  in  distinguishing  between  benign  and  malignant 

758  pulmonary  nodules  will  be  assessed.”  Should  MRI  be  con- 

759  firmed  as  a  reliable  technique  for  smaller  nodules,  its  use  for 

760  screening  will  be  enhanced. 

761  Other  clinical  studies  are  primarily  focused  on  MRI 

762  methodology  development.  In  NCT01016938,  the  problem 

763  of  movement  of  the  lung  in  the  diagnosis/tumor  progression 

764  will  be  investigated.  Here,  an  assessment  will  be  carried  out 

765  to  determine  “whether  tumor  motion  can  be  inferred  using 

766  dynamic  MRI  and  external  surrogates.  The  feasibility  of 

767  tracking  the  real-time  tumor  position  using  dynamic  MRI 

768  and  inferring  tumor  position  using  external  surrogates 

769  placed  on  the  skin  of  the  subject  and  lung  function  during 

770  and  following  radiation  by  assessing  lung  perfusion  maps 


obtained  via  dynamic  MRI  with  dose  maps  in  order  to  771 
determine  image-based  biomarkers  for  lung  toxicity  follow-  772 
ing  radiation  therapy  will  be  determined.”  773 

In  NCTO  1071 434,  “imaging  sequences  and  parameters  of  774 
rapid  real-time  MRI  will  be  investigated  and  optimized  in  775 
order  to  obtain  adequate  guidance  for  accurately  and  pre-  776 
cisely  delivering  radiation  to  moving  abdominal  and  thorac-  777 
ic  tumors.”  While  investigation  of  pulse  sequences  seems  778 

esoteric,  it  must  be  appreciated  that  the  appearance  of  an  779 

image  is  critically  dependent  on  the  specifics  of  the  acqui-  780 
sition.  Moreover,  comparison  among  patients  and  their  re-  781 


spective  lung  scans  is  strictly  valid  only  when  image  782 
acquisition  is  uniform.  A  related  study  is  NCTO  142 1784,  783 

which  will  address  the  feasibility  of  using  rapid  cine  MR  784 
imaging  to  provide  both  off-  and  online  soft-tissue-based  785 
image  guidance.  786 

Finally,  there  are  clinical  studies  where  the  primary  goal  787 
is  to  evaluate  treatment  protocols.  In  such  studies,  imaging  788 
methods  are  necessary  aspects  in  monitoring  tumor  re-  789 
sponse.  For  example,  NCTO  1047059  involves  assessment  790 
of  erlotinib  and  bevacizumab  administered  for  a  6-week  791 
period,  which  will  be  evaluated  using  imaging  procedures  792 
performed  at  baseline,  after  1  week  of  therapy  and  after  the  793 
6  weeks  of  treatment.  In  addition,  “early  identification  will  794 
be  attempted  by  the  combination  of  molecular  and  functional  795 
imaging  tools  (FDG-PET,  FLT-PET,  DCE-MRI),  molecular  796 
marker  analyses  in  tissue  and  peripheral  blood  (EGFR-  and  797 


KRAS  mutational  status  and  high  throughput  mutational  pro-  798 
filing  in  tumor  tissue,  angiogenesis-associated  biomarkers  and  799 
expression  profiling  in  peripheral  blood)  and  pharmacokinetic  800 
analyses.”  801 

Pre-clinical  studies  802 


In  animal  studies,  the  use  of  MRI  is  typically  limited  to  large  803 
masses  due  to  the  magnetic  inhomogeneity  of  the  lung.  804 
Magnetic  susceptibility  differences  between  the  tissue  (water)  805 
and  air  spaces  broaden  the  NMR  signal  line  width  by  about  806 
8  ppm  and  the  signal  decays  rapidly.  Nevertheless,  MRI  807 

images  of  rodent  lungs  can  be  obtained  with  remarkably  good  808 
resolution  (0.3  mm  voxel  size)  [37].  The  recent  advances  have  809 
been  made  through  improvement  in  hardware  and  imaging  810 
technique.  One  uses  a  hydrogen-free  probe  that  has  a  short  811 
“ring-down”  time  and  a  modest  magnetic  field  strength  (up  to  812 
2  T).  The  bandwidth  of  the  imaging  technique  is  matched  to  813 
that  of  lung  parenchyma.  FID-projection  imaging  has  been  814 
successful  [37],  but  the  SWIFT  technique  [38]  should  also  815 
work  with  lungs.  816 

Animal  studies  involving  diagnostic  evaluation  of  tumors  817 
include  the  work  by  Dugas  et  al.  [39],  who  delivered  hyper-  818 
polarized  3He  by  an  electronically  controlled  small-animal  819 
ventilator  to  allow  acquisition  of  hyperpolarized  images  of  820 
mouse  lung.  An  asymmetric  gradient  echo  imaging  method  821 
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822  was  used  to  enhance  the  signal/noise  ratio  of  the  rapidly 

823  diffusing  gas.  Lung  cancers  (melanoma)  were  shown  to 

824  cause  substantial  ventilation  defects  confined  to  the  cancer- 

825  ous  regions  but  these  effects  did  not  extend  to  large-scale 

826  regions  of  the  lung  distal  to  the  tumors  [39]. 

827  Bankson  et  al.  [40]  used  a  mouse  model  of  human  small- 

828  cell  (N417)  and  non-small-cell  (H460)  lung  tumors.  Scans 

829  were  obtained  using  combinations  of  respiratory- gated 

830  computed  tomography  (CT)  imaging,  cardiac-  and 

831  respiratory-gated  multishot  spin-echo  echo-planar  imag- 

832  ing  (EPI),  and  cardiac-  and  respiratory-gated  spoiled 

833  gradient  echo  (SPGR).  The  tumors  appeared  intense  on 

834  T2-weighted  EPI  images,  providing  positive  intrinsic 

835  contrast  between  tumors  and  surrounding  tissues.  The 

836  tumor  boundaries  were  better  distinguished  by  EPI  and 

837  SPGR  with  Tr -reducing  contrast  enhancement  in  corn- 

838  parison  to  CT  or  SPGR  without  contrast.  Tumor  volumes 

839  measured  from  EPI  images  correlated  well  with  ex  vivo 

840  measurements  of  tumor  mass  over  a  wide  range  of  tumor 

841  sizes.  These  significant  results  were  obtained  with 

842  sequences  that  required  only  2  min  to  complete. 

843  In  a  chemopreventive  study,  Garbow  and  coworkers  [41] 

844  followed  the  development  of  adenocarcinomas  in  the  lung 

845  following  urethane  treatment  using  respiratory  gated  MRI 

846  methods.  The  tumor  identification  and  volume  were 

847  validated  by  histopathology  upon  autopsy.  Tumors  as 

848  small  as  0.4  mm  were  detected  by  MRI,  and  it  appeared 

849  that  growth  rate  allow  differentiation  between  adenocar- 

850  cinomas  and  adenomas. 

851  In  the  study  by  Wolf  et  al. ,  nude  rat  human  tumor  xenografts 

852  (HI 299,  FaDu)  were  examined  with  mMRI  [T2-weighted  true 

853  fast  imaging  with  steady  precession  (TrueFISP),  Tj  -weighted 

854  fast  low  angle  shot  (FLASH),  T2-weighted  dual  echo 

855  steady  state  (DESS)]  and  echo-planar  dwMRI  in  a  clin- 

856  ical  scanner  at  1.5  T  [42].  Tumors  were  visible  with  a 

857  significantly  higher  signal  to  noise  and  tumor  to  muscle 

858  contrast  to  noise  ratios  with  dwMRI.  There  was  no 

859  significant  difference  in  median  tumor  volumes  as  measured 

860  by  dwMRI  and  mMRI  (TrueFISP,  FLASH,  and  DESS).  How- 

861  ever,  the  into-  and  inter-observer  variability  of  dwMRI  was 

862  larger  than  for  the  mMRI  techniques.  Such  current  work 

863  demonstrates  the  relatively  large  number  of  approaches  for 

864  acquiring  images  with  MRI  and  with  it,  the  need  for  more 

865  studies  to  identify  optimal  approaches. 

866  In  an  attempt  to  identify  tumor  xenografts  in  mice  based 

867  on  the  overexpression  of  folate  receptors  on  tumor  cells, 

868  folate-conjugated  Gd-DTPA-poly-L-lysine  (folate-PL-Gd- 

869  DTPA)  was  used  as  a  targeting  agent  [43].  MRI  was  per- 

870  formed  with  plain  scans  and  enhanced  scans,  in  which  the 

871  latter  were  determined  as  a  function  of  time  following 

872  injection.  In  a  pre-contrast  to  post  contrast  comparison,  the 

873  intensity  in  tumor  increased  by  only  125%,  while  muscle 

874  tissue  exhibited  no  change  in  intensity. 


In  addition  to  tumor  detection,  MRI  has  also  been  used  in  875 
evaluating  treatment.  Because  of  the  prevalence  of  metasta-  876 
sis  in  lung  cancer,  Romaneeshsen  et  al.  [44]  carried  out  a  877 
study  in  which  tumor  destruction  and  vascular  perfusion  878 
before  and  after  freezing  were  investigated  using  native  879 
and  contrast-enhanced  MR  imaging  (Tr  and  T2-weighted  880 
spin-echo).  The  model  consisted  of  subcutaneous  Lul  (a  881 
NSCLC  cell  line)  tumors  implanted  in  immunocompro-  882 
mised  mice.  Significant  tumor  reduction  was  evident  within  883 
2  weeks,  and  at  6  months,  there  was  no  evidence  of  recur-  884 
rence,  which  was  verified  histologically.  Prior  to  treatment,  885 
the  tumors  were  well  vascularized  and  did  not  demonstrate  886 
contrast  enhancement  after  cryotherapy.  However,  after  887 
treatment,  a  narrow  contrast-enhanced  zone  was  seen  at  888 
the  border  of  the  tumor,  which  was  suggested  to  be  a  sign  889 
of  peripheral  hyperemia  and  central  vascular  stasis.  These  890 
vascular  changes  may  be  related  with  a  reduced  potential  for  891 
metastasis.  892 

In  another  study  [45],  MRI  was  used  to  assess  the  devel-  893 
opment  and  progression  of  tumors  with  EGFRvIII  mutants  894 
driven  by  doxycycline  as  well  as  the  response  to  the  EGFR  895 
inhibitor  erlotinib  (Tarceva).  Both  spin-  and  gradient-echo  896 
sequences  with  and  without  cardiac  and  respiratory  gating  897 
were  performed  to  determine  two-dimensional  axial  tumor  898 


volumes.  Three-dimensional  images  were  obtained  to  char-  899 
acterize  the  spatial  location  and  distribution.  With  MRI,  900 
erlotinib  was  shown  to  significantly  inhibit  the  growth  of  901 
tumor  in  vivo.  902 


A  particularly  significant  study  was  carried  out  by  Roa  et  903 
al.  [46].  The  main  thrust  of  the  work  was  to  evaluate  the  904 
inhalation  of  effervescent  doxorubicin  nanoparticles  as  a  905 
means  to  treat  tumor  bearing  Balb/c  mice.  At  this  time,  906 
inhalation  delivery  as  a  means  to  achieve  location  direction-  907 
ality  is  underappreciated.  However,  a  more  thorough  exam-  908 
ination  of  the  work  reveals  the  demand  for  greater  expertise  909 
to  develop  inhalation  delivery  protocols  when  compared  to  910 
the  simple  intravenous  injection  of  drug.  Nevertheless,  with  911 
consideration  of  the  relatively  small  mass  the  lung  repre-  912 
sents  of  the  entire  body  (about  2%),  a  50-fold  increase  in  913 
drug  concentration  is  predicted  with  inhalation.  Treated  914 
animals  had  fewer  and  much  smaller  tumors  compared  with  915 
control  animals.  The  use  of  nanoparticles  resulted  in  little  or  916 


no  cardiotoxicity  when  compared  with  inhalation  of  doxo-  917 
rubicin  solutions,  fy  weighted  and  transverse  spin  echo  918 
scans  were  recorded,  which  allowed  localization  of  intra-  919 
thoracic  lung  cancer  and  any  extracancerous  manifestations.  920 


The  tumors  gave  rise  to  intense  signals  relative  to  adjacent  921 

tissues  such  as  normal  lung,  and  tumor  boundaries  were  well  922 

delineated.  In  control  mice,  large  tumor  masses  were  evident  923 

in  the  visceral  and  mediastinal  pleura,  chest  wall,  parietal  924 

pericardium,  and  the  heart.  In  isolated  lung  sections,  multi-  925 

pie  large  and  often  confluent  tumor  masses  in  the  parenchy-  926 

ma  with  numerous  metastases  throughout  the  alveolar  septa  927 
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928  were  evident.  In  contrast,  MRI  scans  of  treated  mice  showed 

929  no  signs  of  intra-thoracic  lung  cancer  (Fig.  4).  The  results 

930  showed  a  good  correlation  between  MRI  and  histology  data. 

931  A  natural  extension  of  such  a  study  would  be  the  use  of  MRI 

932  to  determine  distribution  of  the  nanoparticles  following 

933  inhalation,  which  may  allow  optimization  of  therapeutic 

934  doses  and  pave  the  way  for  the  use  of  ligand-directed 

935  therapy. 


Fig.  4  Trweighted,  transverse  spin  echo  scans  (TE/TR=  13/1,500  ms, 
BW=50  KHz,  the  FOV=26x26  mm  with  128x  128  matrix, 
thickness =0.5  mm)  of  a  control  non-treated  mouse,  b  mouse  treated 
with  effervescent  doxorubicin  nanoparticle  powder,  and  c  control 
mouse  (not  injected  with  cancer  cells).  Reproduced  from  [46] 


MRI  of  drug  delivery  systems  936 

There  are  a  number  of  investigations  involving  iron  oxide  937 

particles,  since  they  are  superparamagnetic  and  can  act  as  938 

contrast  agents.  While  hundreds  of  papers  are  now  being  939 

published  each  year,  few  investigations  involve  MRI  track-  940 

ing  of  drug  delivery  systems  containing  such  particles  in  941 

vivo.  Moreover,  of  this  smaller  number  of  published  studies,  942 

virtually  none  involve  orthotopic  models  (tumor  established  943 

in  the  lung).  The  surrogate  model  in  which  lung  cancer  cells  944 

are  injected  to  form  a  subcutaneous  tumor  is  commonly  945 

used.  Iron  oxide  particles  are  strong  contrast  agents  and  946 

are  typically  detected  by  the  way  they  shorten  the  NMR  947 

signal  and  darken  the  images  [47,  48].  While  this  approach  948 

has  proven  useful  in  tissues  that  are  rich  and  relatively  949 

uniform  in  proton  concentration,  it  is  not  a  viable  solution  950 

for  the  lung,  which  has  inherently  low  intensity  and  thus  951 

darkened  areas  in  all  airways  and  alveoli  [49-51].  952 

Historically,  superparamagnetic  iron  oxide  (SPIO)  953 

nanoparticle-based  contrast  agents  rely  on  either  mapping  954 

T2*  values  within  a  region  or  by  modeling  the  magnetic  955 

field  inhomogeneities  generated  by  the  contrast  agent.  An  956 

interesting  development  for  the  quantitation  involves  mod-  957 

eling  of  magnetic  field  inhomogeneities  by  approximating  958 

regions  containing  SPIOs  as  ensembles  of  magnetic  dipoles  959 

[52].  This  was  designated  as  the  finite  perturber  method.  960 

The  proposed  method  was  verified  using  an  in  vitro  phan-  961 

tom  and  in  vivo  mouse  models.  Data  was  acquired  in  mice  962 


that  had  labeled  and  unlabeled  C6  glioma  cells  subcutane-  963 
ously  implanted  in  the  flanks.  The  proposed  algorithm  964 
yielded  the  concentration  within  SPIO-labeled  tumors  that  965 
were  reasonably  close  to  the  known  concentration.  966 


Although  the  particle  concentration  was  not  quantified,  967 
Gultepe  et  al.  [53]  used  magnetic  cationic  liposomes  968 
(MCLs)  with  incorporated  SPIO  nanoparticles,  to  monitor  969 
cancer  treatment.  The  theranostic  system  was  administered  970 
to  a  SCID  mouse  with  metastatic  (B16-F10)  melanoma  971 
grown  in  the  flank.  Pre-  and  post-injection  magnetic  reso-  972 

nance  images  were  obtained,  and  mIn-labeled  MCLs  were  973 

used  to  confirm  the  effect  of  targeting.  Tumor  signal  inten-  974 
sities  in  T2-weighted  MR  images  decreased  by  20  ±5%,  with  975 
a  decrease  of  14±7  ms  in  T2*  24  h  after  IV  injection.  This  is  976 

compared  to  a  57±12%  reduction  in  intensity  and  a  977 

corresponding  27±8  ms  reduction  in  the  T2*  relaxation  978 
time.  This  provides  an  important  step  towards  the  use  of  979 
MRI  and  magnetic  guidance  to  achieve  IGDD.  980 

Many  efforts  appear  to  approach  the  goal  of  tracking  the  981 
delivery  system  but  have  not  taken  the  critical  step  of  982 
demonstrating  quantitation  in  vivo.  For  example,  Guthi  et  983 
al.  prepared  multifunctional  micelles  containing  both  doxo-  984 
rubicin  and  SPIOs  [54].  In  vitro  cell  culture  experiments  985 
demonstrated  enhanced  av (3  6-dependent  cell  targeting  in  986 
H2009  lung  cancer  cells  relative  to  controls.  However,  no  987 
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988  in  vivo  studies  were  conducted,  and  thus  the  effectiveness  in 

989  animal  models  is  yet  to  be  determined. 

990  An  analogous  study  by  Eichhom  et  al.  [55]  involved  at- 

991  tachment  of  EndoTag-2,  which  is  a  vascular  targeting  agent 

992  comprising  the  mammalian  topoisomerase  I  inhibitor  campto- 

993  thecin  in  its  carboxylate  form  complexed  to  a  cationic  lipid. 

994  Targeting  was  evaluated  in  a  subcutaneous  model  of  Lewis 

995  lung  (LLC- 1 )  carcinoma  and  L3 .6pl  human  pancreatic  cancer 

996  model.  Delivery  was  assessed  by  in  vivo  fluorescence. 

997  Efficacy  was  evaluated  by  histological  investigation  and 

998  by  dynamic  contrast  enhanced  MRI  of  the  vasculature.  Thus, 

999  while  it  was  theoretically  possible  to  use  MRI,  the  authors 

1000  used  fluorescence  to  assess  delivery  in  the  mouse. 

1001  Targeted  emulsions  have  also  been  used  in  a  similar 

1002  manner  although  not  in  lung  cancer.  Lipid  coated  SPIO  were 

1003  incorporated  into  a  soybean  oil-in-water  emulsion  that  was 

1004  stabilized  with  DSPC/PEG-DSPE  and  functionalized  with 

1005  av  (3  3 -specific  RGD  peptide  [56].  MRI  was  used  to  image 

1006  the  tumor  accumulation  of  the  emulsions.  Tumors  of  ani- 

1007  mals  injected  with  nanoemulsions  that  had  no  SPIO 

1008  appeared  bright  compared  to  surrounding  muscle  tissue. 

1009  Tumors  in  mice  that  received  SPIO-loaded  nanoemulsion 

1010  (either  targeted  or  non-targeted)  appeared  hypointense,  in- 

1011  dicating  SPIO  accumulation  in  these  tumors.  T2*  maps  from 

1012  the  T2* -weighted  images  with  different  echo  times  were 

1013  generated,  which  showed  that  the  tumors  of  animals  injected 

1014  with  nanoemulsions  containing  SPIO  to  be  reduced  by  50% 

1015  compared  to  mice  injected  with  nanoemulsions  that  did  not 

1016  contain  SPIO. 


1017  Summary  and  future  directions 

1018  To  realize  IGDD  for  lung  cancer  treatment,  much  work  is 

1019  needed.  Perhaps  of  highest  priority  is  developing  modalities 

1020  that  will  allow  image  acquisition  to  be  connected  to  the 

1021  current  diagnosis  of  cancer  based  on  microscopic  evaluation 

1022  of  tissue  sections.  Following  distinction  between  normal  and 

1023  cancerous  tissue/cells,  a  strategy  to  differentiate  among  the 

1024  types  of  cancer  may  be  pursued  by  a  characterization  of  the 

1025  expression  of  surface  receptors.  While  cancer  diagnosis 

1026  currently  is  determined  by  the  morphology  of  the  cells, 

1027  identification  of  surface  receptor  expression  will  be  a  more 

1028  direct  path  to  “targeted  treatments”  and  more  amenable  to 

1029  detection  by  contrast  agents  that  bear  the  appropriate 

1030  ligands.  However,  it  should  be  appreciated  that  microscopic 

1031  appearance  has  not  been  correlated  to  any  extent  with  sur- 

1032  face  receptor  expression.  Methods  to  image  cancerous  cells 

1033  must  be  directed  to  those  chemical  features  that  give  rise  to 

1034  the  morphology.  Here,  it  would  seem  that  the  better  path 

1035  would  be  through  proteomics.  That  is,  morphology  may  be 

1036  better  correlated  with  specific  protein  content,  which  in  turn, 

1037  may  be  exploited  to  give  rise  to  unique  images.  This  may  be 


approached  through  detection  of  specific  proteins  or  more  1038 
likely  through  functionality  as  in  one  current  form  of  glu-  1039 
cose  utilization.  The  efforts  by  those  with  imaging  expertise  1040 
must  be  coupled  with  experts  in  biological  characterization  1041 
of  normal  and  cancerous  cells.  1042 

Because  of  the  inherent  complexity  of  the  lung  in  terms  1043 
of  cell  type,  tissue  geometry,  and  continual  movement,  1044 
better  MRI  methods  are  needed.  These  challenges  are  cur-  1045 
rently  being  addressed,  while  it  is  frilly  appreciated  that  this  1046 
will  not  likely  be  achieved  in  the  short  term.  The  continual  1047 
incremental  advances  in  imaging  pose  problems,  particular-  1048 


ly  for  retrospective  epidemiological  studies  as  well  as  1049 

monitoring  cancer  in  individual  patients.  As  noted,  the  1050 

appearance  of  the  image  as  generated  by  MRI  is  highly  1051 

dependent  on  the  method  of  acquisition.  Thus,  treatment  1052 

evaluation  within  and  between  patients  becomes  difficult  1053 

if  improved  methods  are  introduced  during  the  time  1054 

course  of  the  evaluation  period.  While  there  may  be  1055 

benefits  to  the  scientific  and  medical  community  to  1056 

maintain  existing  methods,  it  creates  an  ethical  dilemma  1057 

to  deprive  patients  of  more  improved  imaging  methods.  1058 

This  is  a  difficult  issue  and  seems  that  only  duplication  1059 

of  images  with  the  distinct  approaches  must  be  used  in  1060 

patients,  which  of  course  also  has  the  inherent  costs  of  1061 

time  and  resources.  Every  effort  should  be  made  to  1062 

achieve  rapid  dissemination  of  advanced  techniques  to  1063 

those  at  the  front  lines  of  imaging  cancer  patients.  1064 

From  the  paucity  of  work  reviewed  in  the  area  of  imaging  1065 

drug  and  drug  delivery  systems,  there  is  evidently  a  great  1066 

need  for  research.  A  normal  and  cancer  cell  have  basically  1067 

the  same  demands  for  survival,  although  differ  in  the  extent.  1068 

Thus,  treatment  of  cancerous  cells  that  are  present  in  the  midst  1069 

of  normal  tissue  will  always  be  a  critical  balance  between  1070 

complete  eradication  of  cancer  and  normal  tissue  safety.  It  is  1071 

vital  that  evaluation  of  drug  not  only  incorporate  inherent  1072 

pharmacological/toxicological  effect  but  also  delivery.  In  es-  1073 

sence,  the  success  of  treatment  is  determined  by  the  selectivity  1074 

of  dmg  delivery,  which  presently  is  poor  or  often  unknown.  1075 

Moreover,  this  cannot  be  some  relative  measure  but  should  be  1076 
developed  to  the  point  of  quantifying  drug  levels  in  both  1077 
cancer  cells  and  the  surrounding  normal  tissue.  For  this  latter  1078 
goal,  sophisticated  methodology  involving  PET  using  labeled  1079 
dmgs  appears  possible.  For  MRI,  it  may  be  better  to  track  1080 
methods  that  rely  on  physical  methods  for  cancer  treatment,  1081 
such  as  ultrasound  or  magnetic  hyperthermia.  Systematic  1082 
studies,  reflective  of  those  that  lead  to  the  pharmacodynamic  1083 
assessment  of  contrast  agents  for  use  in  fMRI,  can  lay  the  1084 


groundwork  for  studies  of  individual  drugs.  1085 

Finally,  it  becomes  clear  that  the  true  ideal  of  IGDD,  1086 
where  drug  is  purposefully  directed  exclusively  to  the  site  1087 
of  action  using  imaging,  appears  to  be  a  distant  goal.  Nev-  1088 
ertheless,  the  first  step  to  paradigm-changing  advances  is  to  1089 
articulate  the  nature  of  the  problem.  1090 
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